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ABSTRACT
Formation of globular clusters (GCs), the Galactic bulge, or galaxy bulges in gen-
eral, are important unsolved problems in Galactic astronomy. Homogeneous infrared
observations of large samples of stars belonging to GCs and the Galactic bulge field are
one of the best ways to study these problems. We report the discovery by APOGEE
of a population of field stars in the inner Galaxy with abundances of N, C, and Al
that are typically found in GC stars. The newly discovered stars have high [N/Fe],
which is correlated with [Al/Fe] and anti-correlated with [C/Fe]. They are homoge-
neously distributed across, and kinematically indistinguishable from, other field stars
in the same volume. Their metallicity distribution is seemingly unimodal, peaking at
[Fe/H]∼–1, thus being in disagreement with that of the Galactic GC system. Our
results can be understood in terms of different scenarios. N-rich stars could be former
members of dissolved GCs, in which case the mass in destroyed GCs exceeds that of
the surviving GC system by a factor of ∼8. In that scenario, the total mass contained
in so-called “first-generation” stars cannot be larger than that in “second-generation”
stars by more than a factor of ∼9 and was certainly smaller. Conversely, our results
may imply the absence of a mandatory genetic link between “second generation” stars
and GCs. Last, but not least, N-rich stars could be the oldest stars in the Galaxy,
the by-products of chemical enrichment by the first stellar generations formed in the
heart of the Galaxy.
Key words:
1 INTRODUCTION
While central to our understanding of the formation of the
Galaxy, the birthplaces of the stars that make up its main
components are not well known. In the case of the Galactic
halo, this classical problem (Eggen, Lynden-Bell & Sandage
1962; Searle & Zinn 1978) has been framed in modern
times within the context of galaxy formation theory
(White & Rees 1978; Blumenthal et al. 1984) in a Λ-CDM
universe (Spergel et al. 2003). Recent evidence that the
Galactic halo is split into an inner and an outer com-
ponent, with distinct chemical compositions (Carollo et al.
2007, 2010; An et al. 2015; Ferna´ndez-Alvar et al. 2015)
goes along with theoretical predictions for the origin of
those components (e.g., McCarthy et al. 2012; Tissera et al.
2014), at least in a qualitative sense (although see
Scho¨nrich et al. 2014, for an alternative view). Most im-
portantly, both data and models have reached a degree of
sophistication that allows one to begin addressing detailed
questions about the nature of the original star forming units
that gestated the stars seen in the halo today—in particu-
lar their characteristic masses (e.g., Fiorentino et al. 2015;
Deason, Belokurov & Weisz 2015).
Regarding the bulge, the situation is considerably less
clear, which is due partly to difficult observational access
to the inner Galaxy, and partly to the short dynamical
timescales, which caused signatures of the early stellar sys-
tems to be erased from phase space long ago. Moreover, the
physical overlap of all components of the Galaxy (halo, thin
and thick disks, bar, and bulge) within its inner few kpc
⋆ E-mail: R.P.Schiavon@ljmu.ac.uk
makes a definition of the pertinence of a given star or stellar
group to any of those components quite difficult, making the
very definition of the bulge itself somewhat contentious. The
literature on the Galactic bulge is sufficiently vast to render
any attempt at a summary here quite vain. However, the
picture emerging from even a brief examination of the state
of the art is that of a current lack of a unique definition of
the nature of the bulge, both in terms of the distribution
of its components in phase space and, to a lesser extent, in
terms of its stellar population content. We therefore use the
term “bulge” somewhat loosely, without necessarily imply-
ing the existence of a classical spheroidal structure detached
from the inner halo, but simply referring to the aggregate of
all stellar mass cohabiting the central few kpc of the Galaxy.
Studies of stellar bulge spatial distribution, kinemat-
ics, metallicity distribution function, metallicity gradients,
and abundance patterns paint a complex picture. Several
groups have confirmed the presence of a complex metallicity
distribution of bulge stellar populations (e.g., Zoccali et al.
2008; Hill et al. 2011; Johnson et al. 2011; Ness et al. 2013a;
De´ka´ny et al. 2013; Rojas-Arriagada et al. 2014), with the
presence of multiple components, each with characteristic
structure and kinematics. At high metallicity ([Fe/H] >∼ –
0.5), the bulge appears to be dominated by a boxy/peanut-
shaped structure, associated with a bar (Blitz & Spergel
1991), which in projection has been found to assume
an X shape in 2MASS maps (McWilliam & Zoccali 2010;
Ness et al. 2012). On the other hand, stars in the low-
metallicity end take on a more spheroidal distribution and
are thought to be associated with either the thick disk
or halo (e.g., Babusiaux et al. 2010; Ness et al. 2013a,b;
Rojas-Arriagada et al. 2014) or perhaps even a classical
c© 2015 RAS
N-Rich Stars in Inner Galaxy 3
spheroidal bulge (e.g., Babusiaux et al. 2010; Hill et al.
2011), although the existence of the latter has been
called into question by model fits to stellar counts in
the 2MASS and SDSS catalogs (Robin et al. 2014). Evi-
dence from kinematics pointing to the existence of an anti-
correlation between metallicity and velocity dispersion (e.g.,
Johnson et al. 2011, 2014) jibes well with the above picture.
More detailed studies, based on high quality radial veloc-
ities for samples of many thousand stars show that, while
the metal-rich bulge population rotates cylindrically, the
kinematics of metal-poor stars is consistent with a slowly
rotating spheroid, possibly due to a combination of thick
disk and halo (Ness et al. 2013b, 2015). Finally, detailed
chemical abundance studies showed, since the early work
by McWilliam & Rich (1994), that metal-poor stars tend
to be α-enhanced, as in the thick disk and halo, whereas
their metal-rich counterparts have [α/Fe] close to solar
(see also Hill et al. 2011; Ness et al. 2013a; Johnson et al.
2014; Ryde et al. 2016). When studied individually, α ele-
ments were found not to follow all exactly the same trend
with metallicity (Fulbright et al. 2007) and, perhaps most
importantly, to be slightly more enhanced in metal-rich
bulge stars than in their thin and thick disk counterparts
(Johnson et al. 2014).
One possible approach to gain insights into the nature of
star forming units that gave origin to the stars in the Galaxy
is through chemical tagging (Freeman & Bland-Hawthorn
2002; Ting et al. 2015a,b). The method consists of using
very detailed and accurate chemical compositions to iden-
tify stars sharing a common origin, with the hope of tracing
them back to their original star forming units. In princi-
ple, chemical tagging can be extremely powerful, provided
that each and every star forming unit was characterised by
a unique detailed abundance pattern. If this assumption is
correct, one could distinguish every single star forming unit
from all others by determining a large enough number of el-
emental abundances. That, of course, is observationally very
costly. A weaker, less expensive, form of the method consists
of associating a given abundance pattern not necessarily to
a unique star forming unit, but to an entire class—say, stel-
lar clusters above a given mass. In order to work, this weak
chemical tagging requires knowledge of a smaller number of
elemental abundances than does standard strong chemical
tagging.
An early application of weak chemical tagging was pur-
sued by Martell & Grebel (2010) and Martell et al. (2011)
(see also Carretta et al. 2010; Lind et al. 2015). These au-
thors discovered halo field stars with very high nitrogen
and relatively low carbon abundances, which is an abun-
dance pattern characteristic of some particular globular clus-
ter (GC) populations. On the theory that these stars were
originally formed in GCs, Martell and collaborators con-
cluded that they resulted from the dissolution of GCs a
claim that is in line with detections of tidal tails around
GCs such as Palomar 5 (Odenkirchen et al. 2003) and NGC
5466 (Belokurov et al. 2006a). By accounting for the ex-
pected fraction of GC stars with normal N abundances,
Martell et al. (2011) estimated that at least 17% of the
stellar mass in the Galactic halo resulted from the disso-
lution of GCs and/or their parent systems. Based on the
same results, but adopting a different set of assumptions,
Gratton, Carretta & Bragaglia (2012) estimated that most
of the halo has in fact originated from those systems. Fol-
lowing yet another approach based on a model of the chem-
ical and dynamical evolution of the Galactic GC system,
Schaerer & Charbonnel (2011) estimate that up to 10–20%
of the Galactic halo mass was contributed by tidal evapora-
tion of Galactic GCs.
One major difference in these estimates is that they
assign different theoretically motivated ratios between the
numbers of “enriched” and “normal” stars. Our lack of a
firm handle on the origin of the multiple-population phe-
nomenon in Galactic GCs is therefore an important limit-
ing factor. Moreover, uncertainties about the shape of the
initial mass function of the Galactic GC system also play
a role. The presence of large spreads of elemental abun-
dances, and anti-correlations thereof, in GC stars has been
long known (e.g., Norris & Zinn 1977; Norris & Cottrell
1979; Da Costa & Cottrell 1980) and consistently confirmed
by more recent observations (e.g., Carretta et al. 2009;
Me´sza´ros et al. 2015).1 In the past decade, abundance
spreads were ascribed to the clusters’ intrinsic chemical evo-
lution, either due to some form of feedback-regulated star
formation history (e.g., Decressin et al. 2007; D’Ercole et al.
2008; Renzini 2008; Conroy & Spergel 2011) or to other
processes (e.g., Bastian et al. 2013; Hopkins 2014). How-
ever, none of the existing models put forth so far can ac-
count for the existing chemical composition data in de-
tail (Bastian et al. 2015). Yet, the different models make
vastly different predictions. In particular, models that pro-
pose chemical evolution through feedback-regulated star
formation postulate that GCs were 10-100 times more
massive in the past (for discussion and references, see,
e.g., Gratton, Carretta & Bragaglia 2012; Bastian & Lardo
2015; Cabrera-Ziri et al. 2015). Moreover, according to these
models, the vast majority of this mass must have been in the
form of first generation2 stars (henceforth, FG stars) which
so far remain chemically indistinguishable from field stars
of the same [Fe/H]. These conditions are required so that,
for any reasonable initial mass function, early stellar gener-
ations can produce the necessary amounts of light elements
observed in second generation stars (SG stars)—those with
enhanced He, N, Na, and Al abundances. This issue is re-
ferred to as the mass budget problem (Renzini 2008).
In this paper, we report the serendipitous discovery of
a population of bulge field stars with abundance patterns
1 For reviews on star-to-star abundance variations in GCs, see
Gratton et al. (2004) and Gratton, Carretta & Bragaglia (2012).
2 The widespread use of the term “generation” to refer to each of
the multiple populations in GCs is associated with the sometimes
tacit acceptance of a specific set of scenarios for their origin. De-
spite the fact that existing models do not account for the extant
data in detail, which calls into question the physical reality of
these scenarios, we choose to adopt the same nomenclature for
consistency with current jargon.
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that are similar to those found in stars from globular clus-
ters. Characterised by high [N/Fe], which is correlated with
[Al/Fe] and anti-correlated with [C/Fe], these stars are ho-
mogeneously distributed across the Galactic bulge and, to
first order, are spatially and kinematically indistinguishable
from the rest of the bulge field population. We characterise
this new population and discuss the implications of this find-
ing for our understanding of both bulge and GC formation.
In Section 2 the data employed in this paper are de-
scribed. The results are presented in Section 3 and discussed
in Section 4. Our conclusions are summarised in Section 5.
2 DATA AND SAMPLE
The results reported in this paper are based on ele-
mental abundances for a large sample of Galactic stars
from Data Release 12 (DR12, Alam et al. 2015) of the
Apache Point Observatory Galactic Evolution Experiment
(APOGEE, Majewski et al. 2015). One of four Sloan Digi-
tal Sky Survey-III (SDSS-III, Eisenstein et al. 2011) exper-
iments, APOGEE used a new spectrograph on the Sloan
2.5 m telescope (Gunn et al. 2006) at APO to obtain
high quality H-band spectra (R=22,500, S/N ∼ 100 per
half-resolution element) for over 136,000 stars distributed
across all Galactic components, from which precision ra-
dial velocities, stellar parameters, and abundances for up
to 15 elements have been obtained. Further in-depth infor-
mation on the APOGEE survey, data, and the data re-
duction pipeline can be found in Majewski et al. (2015),
Holtzman et al. (2015), and Nidever et al. (2015), respec-
tively. The APOGEE Stellar Parameters and Chemical
Abundances Pipeline (ASPCAP) is described in detail in
Garc´ıa Pe´rez et al. (2015a). Heliocentric distances, d⊙, were
based on a Bayesian analysis of the stellar parameters,
adopting as priors a history of star formation and ini-
tial mass function, and the PARSEC theoretical isochrones
(Bressan et al. 2012). For more details on the method, see
Binney et al. (2014). Possible systematic effects in our dis-
tances were assessed by employing the linear distance esti-
mator from Scho¨nrich et al. (2012), with the conclusion that
distances to the giants may be too long by about 25% in gen-
eral, with indications for possibly a larger systematic effect
at log g < 2, which does not affect our results.
In this paper, we concern ourselves with a subset of
the APOGEE sample, namely stars located in the Galactic
bulge. Moreover, because we are interested in searching for
stars with chemical signatures typical of GC members, we
focus on the abundances of Fe, C, N, and Al. With the above
constraints in mind, the sample analysed in this study is
defined by the following set of criteria:
(i) |b| < 16◦
(ii) −20◦ < l < 20◦
(iii) 5 kpc < d⊙ < 11 kpc
(iv) 3500 K < Teff < 4500 K
(v) log g < 3.6
(vi) S/N > 70 pixel−1
The final sample so selected amounts to a total of 5,148
stars. Because we are interested in field stars only, suspected
or known members of GCs located within the spatial region
defined above were identified and excluded from the sample.
A star was considered to be a GC member if it is located
within its tidal radius, if its radial velocity differs from that
of the GC (when available) by no more than 20 kms−1,
and if its metallicity differs from that of the cluster by no
more than 0.3 dex. In this way 8 stars were identified as
GC members, within the range of distances above, leaving
us with a grand total of 5,140 field stars. The surface grav-
ity criterion is meant to avoid contamination of the sample
by nearby dwarfs—which are in any case extremely rare in
APOGEE bulge pointings, given the shallower magnitude
limit adopted in these fields—see Zasowski et al. (2013) for
details. The Teff criterion is aimed at maximizing the over-
all quality of the abundances considered. At Teff < 3500 K,
APOGEE does not presently provide elemental abundances,
because the spectral library upon which ASPCAP is based
does not extend to such low temperatures. At the other end
of the Teff range, stars hotter than 4500 K are not considered
because the abundances of C and N are uncertain in that Teff
regime (see discussion in Me´sza´ros et al. 2015). The uncer-
tainty arises because ASPCAP determines these abundances
from the strengths of CN and CO lines, which become too
weak for Teff > 4500 K at relatively low metallicities ([Fe/H]
<∼–1). This sample is supplemented with data for stars be-
longing to various Galactic GCs targeted by APOGEE (for
details, see Zasowski et al. 2013; Me´sza´ros et al. 2015), that
meet the selection criteria on stellar parameters and S/N
listed above. The latter data set is used to define the locus
occupied by GC stars in chemical diagnostic plots.
The DR12 APOGEE abundances employed in this work
are based on χ2-minimisation of the observed spectra against
a large spectral library calculated on the basis of state
of the art model photospheres (Me´sza´ros et al. 2012) and
a customised line list (Shetrone et al 2015). Specifically,
synthetic spectra were calculated using the ASSεT code
(Koesterke et al. 2009), using LTE, plane parallel, model
photospheres calculated with the ATLAS9 code (Kurucz
1993). Giant stars with Teff <∼ 4000 K and low surface
gravity present extended atmospheres, which can invalidate
the plane-parallel approximation. Sphericity effects cause
a dilution of radiative flux that leads to lower tempera-
tures in the upper layers of the photosphere (Plez et al.
1992), potentially affecting the strengths of molecular lines.
To check for any important systematics coming from adop-
tion of plane-parallel photospheres, DR12 abundances were
compared with those obtained from a run of ASPCAP
adopting a new spectral library (Zamora et al. 2015), cal-
culated using the Turbospectrum spectrum synthesis code
(Alvarez & Plez 1998; Plez 2012) and the MARCS model
atmospheres (Gustafsson et al. 2008), which adopt spheri-
cal symmetry for all models with log g 6 3. These compar-
isons showed that the elemental abundances relevant to this
work are not affected by adoption of those more sophisti-
cated analysis methods, so we proceed by adopting DR12
numbers for the remainder of this study.
A cautionary note is in order before proceeding with the
c© 2015 RAS, MNRAS 000, 2–27
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analysis. The elemental abundances from APOGEE are sub-
ject to zero-point differences relative to optical studies. Cal-
ibrations between the APOGEE and literature abundance
scales were performed by Me´sza´ros et al. (2013) on DR10
data (Ahn et al. 2014), whereas, for DR12, a similar proce-
dure was followed, as described by Holtzman et al. (2015). In
this study, unless otherwise noted, we opt to work with the
uncorrected data, to take full advantage of the homogeneity
and internal consistency of the ASPCAP-derived elemen-
tal abundances, which is crucial when comparing samples
from different systems, such as the Galactic bulge and GCs.
As discussed by Holtzman et al. (2015), the zero-point cor-
rections are small and do not affect our conclusions in any
important way.
3 RESULTS
In this section we describe the central finding reported in
this paper, namely, the discovery of stars in the field of the
inner Galaxy that possess chemical compositions that are
suggestive of a globular cluster origin. In Sections 3.1 and
3.2 the behaviour of the sample in chemical composition di-
agnostic plots is characterised, and the identification of the
newly discovered stellar population is described. Section 3.3
is aimed at reassuring the reader of the reality of the high
nitrogen abundances resulting from ASPCAP. Sections 3.4
and 3.5 discuss the possible contamination of our sample by
other stars that could potentially present the same abun-
dance patterns, respectively intermediate-mass AGB stars
and the secondary remnants of mass-transfer binaries, con-
cluding that such contaminations are minimal and not likely
to affect our results importantly. The reader solely interested
in the discussion of the main results may skip the latter three
sub-sections.
3.1 Distribution of field stars in the [Fe/H]-[N/Fe]
plane
We start by examining the distribution of our sample stars
in the [Fe/H] vs [N/Fe] plane, which is presented in Fig-
ure 1a. Three main features are worth noticing in this plot.
First, is clear that the relation between [N/Fe] and [Fe/H]
in of the sample is non-monotonic. The bulk of the stars
with [Fe/H]>∼–0.7 follow a clear correlation between [Fe/H]
and [N/Fe]. Second, for lower metallicities there is a re-
versal in that relation, such that [N/Fe] actually decreases
with increasing [Fe/H]. Third, a large number of stars, high-
lighted by adoption of larger symbols are scattered above the
main swath of data points at all metallicities, and there is a
smaller number of outliers towards low [N/Fe] values. A to-
tal of 67 high-[N/Fe] outliers, highlighted by larger symbols,
are identified by fitting a 6th order polynomial to the [N/Fe]
vs. [Fe/H] relation and selecting stars that deviate from the
fit by more than 4σ. For reasons that are explained in Sec-
tion 3.2, we remove stars with [C/Fe]>+0.15, leaving a total
sample of 58 stars, which we henceforth refer to as N-rich
stars. They are listed in Table A.
Figure 1. Distribution of the 5,140 sample stars in the [N/Fe]
vs [Fe/H] plane. (a) Shown with small gray dots are stars se-
lected as described in Section 2. Squares indicate N-rich stars,
defined as stars deviating by more than 4σ from a 6th order poly-
nomial fit to the relation between [N/Fe] and [Fe/H]. (b) The
same field sample is compared to APOGEE data for Galactic
globular clusters within a smaller range of metallicities. Globu-
lar cluster stars span the range of [N/Fe] covered by field stars
of same metallicity. First-generation GC stars are a good match
to the [N/Fe] vs [Fe/H] relation of field stars, as expected (see,
e.g., Gratton, Carretta & Bragaglia 2012), with SG stars span-
ning larger values of [N/Fe] for fixed [Fe/H], thus occupying the
same locus as the N-rich stars reported in this paper. The sharp
edge in the data distribution at [N/Fe] ∼ 1 is an artefact of the
[N/Fe] upper limit in the ASPCAP spectral library.
Post main-sequence evolution complicates the interpre-
tation of carbon and nitrogen abundances in giant stars
(see, e.g., Lardo et al. 2012). The surface abundances of
these elements are affected by the combined effects of
the first dredge-up and extra mixing (for a thorough re-
view, see Karakas & Lattanzio 2014). The first dredge-up
is a well understood physical process that involves the
deepening of the convection zone as the star evolves up
the giant branch, causing material processed through the
CN(O) cycle to be brought to the stellar surface, chang-
ing the atmospheric abundances of some elements. Ex-
tra mixing, on the other hand, is a nonconvective process
that brings about additional changes to atmospheric abun-
dances in red giants (e.g., Gratton et al. 2000). The effi-
ciency of extra mixing is a function of stellar metallicity
(Martell et al. 2008), and the physical process responsible
for it has not been established yet. Some of the ideas pro-
c© 2015 RAS, MNRAS 000, 2–27
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posed involve stellar rotation, thermohaline mixing, mag-
netic fields, meridional circulation combined with turbulent
diffusion, or perhaps some combination of some of these
processes (e.g., Renzini & Voli 1981; Charbonnel & Lagarde
2010; Angelou et al. 2012; Karakas & Lattanzio 2014). An
in-depth analysis of mixing is beyond the scope of this pa-
per. While deep mixing hampers interpretation of these data
in terms of the history of nitrogen and carbon enrichment
of the Galaxy, it has no impact on our results, as discussed
in Section 3.2.
3.2 N-rich stars
Now we turn our attention to the high [N/Fe] outliers in
Figure 1a. A diagnostic plot that can shed light on the na-
ture of those stars is shown in Figure 2a where N-rich stars
are again highlighted by large symbols. One can see that the
N-rich stars are distributed along at least two discrete bands
where [N/Fe] is anti-correlated with [C/Fe]. The most obvi-
ous of these branches contains the stars with highest [N/Fe]
in our sample, and runs roughly between {[C/Fe],[N/Fe]} =
{–0.5,+1.1} and {0.0,+0.8}. There also seems to be a second
branch of stars with more intermediate values of [N/Fe], run-
ning approximately between {[C/Fe],[N/Fe]} = {–0.4,+0.8}
and {–0.1,+0.4}. This intermediate-N branch is less obvious
and partly merged with the main body of the stars with
[C/Fe] <∼ –0.1. Nevertheless, close inspection of Figure 2 re-
veals a fairly clear intermediate-N sequence, which is well
separated from the main body of N-normal stars for [C/Fe]
< -0.2.
These individual branches of anti-correlated carbon and
nitrogen abundances strongly resemble those long known to
exist in Galactic GCs (e.g., Norris et al. 1981; Hesser et al.
1982). As mentioned above, the mixing of the products
of high-temperature shell hydrogen burning into the atmo-
spheres of the giant branch stars leads to a large increase in
the relative abundance of nitrogen along the giant branch, at
the expense of a comparable, (or smaller, depending on the
cluster or data set), decrease in the relative abundance of
carbon. Over time, RGB stars evolve along these branches,
upward and to the left through the [C/Fe]-[N/Fe] plane.
The similarity with GC stars is further suggested by Fig-
ure 2b, where APOGEE data for stars belonging to a few
Galactic GCs, spanning the same range of metallicities as
the N-rich stars, are overlaid on the field sample. This plot
indicates that the GC member stars follow similar C-N anti-
correlation sequences that run parallel to those observed in
the field. In this Figure, GCs show clear evidence for the
presence of more than one C-N anticorrelation sequence.
Each of these sequences corresponds to one of the multiple
populations commonly found in Galactic globular clusters
(see Me´sza´ros et al. 2015, for a discussion of the APOGEE
data on these clusters).
Since the stars in both field and GC samples are red
giants that have undergone first dredge-up, their nitrogen
abundances have increased from their initial main-sequence
values at the expense of 12C. Expected variations are a
function of stellar mass and, to a lesser degree, metal-
Figure 2. Stars from Figure 1 in the [C/Fe] vs [N/Fe] plane.
(a) This is the figure where a population of stars with high
nitrogen abundance, anti-correlated with carbon (N-rich stars),
was first identified. There potentially are two populations of N-
rich stars, with [N/Fe] up to ∼1, and another with lower [N/Fe]
and a smaller range of [C/Fe] (roughly between –0.5 and –0.2).
Stars marked as squares are the same as those in Figure 1, ex-
cept for those with [C/Fe] > +0.15, because those seem to de-
part from the anti-correlation between C and N. Moreover, stars
with such high [C/Fe] are not usually found in Galactic globu-
lar clusters. (b) Bulge field stars are compared with members of
Galactic GCs. The GC members are distributed across discrete
“branches” within which the two abundances are anti-correlated.
Each branch belongs to a distinct GC stellar population, and the
anti-correlation within each branch is due to stellar evolution. In
each GC, branches with the lowest [N/Fe] abundances correspond
to FG populations, whose abundance patterns are indistinguish-
able from the bulk of field stars of same metallicity. GC branches
with higher [N/Fe] correspond to SG stars, which occupy the
same locus in the C-N plan as N-rich stars, showing an identi-
cal anti-correlation between [C/Fe] and [N/Fe]. Bulge field stars
with [Fe/H]<–0.6 and M13 members are excluded, to keep the
comparison to stars within the same metallicity range.
licity, but [N/Fe] typically increases by ∼ 0.3 dex (e.g.,
Charbonnel & Lagarde 2010), whereas [C/Fe] decreases by
∼ −0.15. The stars belonging to the “normal” sequence
reach [N/Fe] as high as ∼+0.5 and [C/Fe] around ∼ −0.5,
which may be extreme values for first dredge-up in low-
mass red giants, but can be accounted for by efficient deep
mixing during the first-ascent giant branch. Taking the ex-
ample of a star with [Fe/H]=−1.0 and the observed trend
in Figure 1, the expected initial 14N abundance would be
c© 2015 RAS, MNRAS 000, 2–27
N-Rich Stars in Inner Galaxy 7
Figure 3. Sample stars in another chemical abundance diagnos-
tic plot, adopting same symbols as in Figures 2a,b. (a) A correla-
tion between [N/Fe] and [Al/Fe] is evident in the N-rich sample
(squares), whereas an anti-correlation appears to be present for
stars with normal nitrogen abundances ([N/Fe]<∼ +0.5). (b) The
SG stars in GCs, with [N/Fe] >∼ +0.5, occupies the same locus
as the N-rich population, following a similar correlation between
the two abundance ratios. On the other hand, FG stars in GCs
follow the same trend as the the lower [N/Fe] field stars. This plot
corroborates the notion that the N-rich stars inhabit the same re-
gion of chemical composition space as SG stars from GCs. The GC
sample has few counterparts to the field stars with intermediate-
nitrogen (0.5 <∼ [N/Fe] <∼ 0.7 in panel (a). It is unclear whether
this is a real effect or whether it is due to limitations in the
APOGEE GC sample, which is relatively small.
[N/Fe] ∼ +0.1, or A(N)∼6.8 for a solar nitrogen value of
A⊙=7.86. At the same [Fe/H], normal stars in our sample
have an average value of ∼ −0.15 for [C/Fe], which corre-
sponds to A(C)∼7.25. If most of this initial carbon (12C) is
converted to 14N via the CN-cycle, then the red giant nitro-
gen abundance could approach 7.4 − 7.5, or [N/Fe] around
+0.5 or +0.6. Such values of 14N enhancements and 12C
depletions are observed in globular clusters, as seen in Fig-
ures 1 and 2.
The above simple CN-cycle mixing scenario cannot ac-
count for the more extreme abundances in our sample.
Most models proposed to account for the existence of such
stars in GCs contend that they result from chemical evolu-
tion within the globular clusters themselves, as discussed
in Section 1. In apparent support to that scenario, Fig-
ure 2b indicates that the GC sequences at high [N/Fe] tend
to have, on average, lower [C/Fe] than those at normal
[N/Fe], which is a manifestation of the well-documented
fact that SG stars are both enhanced in N and dimin-
ished in C relative to FGs. Yet, the sample of high [N/Fe]
outliers in Figure 1 contains stars with [C/Fe] as high
as ∼ +0.3. Because such stars are not typically found in
GCs, and because we want to avoid contamination by ob-
jects such as CH stars (e.g., Karinkuzhi & Goswami 2015;
McClure & Woodsworth 1990), we restrict our sample to
stars with [C/Fe] < +0.15, leaving us with a total of 58
N-rich stars. This additional selection criterion has no im-
pact on the conclusions presented in this paper.
Figure 1b displays field and GC star data together on
the [N/Fe] vs [Fe/H] plane. The metal-poor globular clus-
ter M 13 is included in this plot, so that GCs span as wide
a metallicty range as possible, for a fair comparison with
the field sample. It is clear that the GC population spans
a wide range of [N/Fe] at fixed [Fe/H], due to a combi-
nation of deep mixing and stellar population complexity.
For each GC the data are distributed along discrete sets of
data points, which are separated from each other by several
tenths of a dex in [N/Fe]. The lowest discrete set, which is
the one best sampled, possesses a total (i.e., “peak to peak”)
scatter of ∼ 0.3 dex in [N/Fe]. The individual groups cor-
respond to each of the multiple stellar populations present
in the GCs, whereas the [N/Fe] scatter within each group is
due to mixing along the giant branch (for more details, see
Smith & Martell 2003; Me´sza´ros et al. 2015). Interestingly,
the minimum [N/Fe] for GC stars matches approximately
the values for the field population at same [Fe/H]. In other
words, the [N/Fe] vs [Fe/H] relation of the field population
lies along the lower envelope of the [N/Fe] distribution in the
GC samples. This result is consistent with findings by other
studies, which have characterised FG stars in GCs as having
the same chemistry as field stars of same metallicity (e.g.,
Carretta et al. 2009). The scatter of the field population in
[N/Fe] is similar to that of the GC populations with lowest
[N/Fe] (FG stars), suggesting that the thickness of the stel-
lar sequences at constant [Fe/H] is due to deep mixing, at
least in the low metallicity regime.
The similarity between N-rich stars and SG stars from
GCs can be further tested through examination of other
abundance (anti-)correlations typically found in GCs. The
most popular is the anti-correlation between the abundances
of Na and O, but unfortunately sodium abundances in DR12
rely on a NaI line at λ 1639.333 nm that is too weak in the
spectra of stars with the typical Teff and metallicity of the
N-rich sample for reliable abundances to be derived by ASP-
CAP. Examination of spectral fits for a handful of cool stars
in the metal-rich end of our sample suggests the sodium
abundances to be very high in N-rich stars and correspond-
ingly lower in N-normal stars. Further work will be required
to confirm this tentative result.
Aluminium is another element known to present
strong variations in Galactic GCs (e.g., Kraft et al. 1997;
Gratton et al. 2004; Gratton, Carretta & Bragaglia 2012),
whose abundances should in principle be correlated with
those of nitrogen and anti-correlated with those of carbon.
Fortunately, Al lines are present in the APOGEE spectral
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Figure 4. APOGEE spectra and spectral fits. (a) Comparison between the spectra of a normal (black) and a N-rich star (gray), with
similar stellar parameters and similar abundances of carbon and oxygen, as labeled. The vertical ticks indicate the positions of CO lines,
which are similar in the spectra of the two stars, with the exception of the lines at ∼ 1619 nm, which are contaminated by atomic lines
(see text). (b) Spectra of the same stars, now in a region containing OH lines, which are indicated by tick marks. OH lines are also
similar in the spectra of the two stars. (c) Same spectra in a wavelength range containing CN lines, indicated by vertical tick marks. The
N-rich star has much stronger CN lines. Given the similarity in stellar parameters and the strengths of CO and OH lines, the difference
in CN lines can only be due to the N-rich star indeed having a much higher abundance of nitrogen. (d) The spectrum of the N-rich
star from panel (c) is compared to the best fit from ASPCAP. The match is excellent, which lends confidence to the quality of nitrogen
abundances delivered by ASPCAP. The match to the spectrum of the N-normal star (not shown) is equally good. Bad detector pixels,
as well as those characterised by strong airglow residuals, are masked.
region, so that ASPCAP abundances are reliable through-
out the range of stellar parameters. Figure 3a displays the
same data and symbols plotted in Figure 2a in the [Al/Fe]-
[N/Fe] plane. The bulk of the field population, located at
[N/Fe] <∼ +0.5, shows a slight anti-correlation between the
two abundance ratios, whereas the N-rich stars display a
positive correlation. These trends can be understood by ex-
amination of Figure 3b, where a sub-sample including only
stars with [Fe/H]<–0.6 is compared with APOGEE data for
GCs in the same metallicity range. The SG stars in GCs oc-
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cupy the same locus as N-rich stars, reinforcing the similarity
between the two populations. Moreover, FG stars from GCs
occupy the same locus as the general bulge field, displaying
a similar anti-correlation between the two abundance ratios.
3.3 Spectra and spectral fits
Elemental abundances are the foundation upon which the
results presented and discussed in this paper are built, so it
is fitting that we provide evidence in support of the num-
bers reported by ASPCAP. A brief examination of typical
APOGEE spectra for N-rich and N-normal stars reassures us
of the existence of a real chemical peculiarity in the former.
Spectral comparisons are presented in Figure 4a-c, where
the spectra of a N-rich and a normal star are compared in
relevant wavelength intervals.
Nitrogen abundances in APOGEE spectra are deter-
mined solely from the strengths of CN lines, which in turn
are sensitive to other parameters, chiefly Teff , log g, and the
abundances of carbon and oxygen. The dependence of CN
line strength on Teff and log g is due to a combination of
the well-documented impact of temperature and pressure on
molecular dissociation equlibrium (e.g., Russell 1934; Tsuji
1973) and the ratio between continuum and molecular line
opacity (e.g., Bell & Tripicco 1991). The abundances of C
and O affect CN lines due to their impact on the concen-
tration of the CN molecule in the stellar atmosphere, via
molecular dissociation equilibrium (e.g., Russell 1934; Tsuji
1973). To simplify matters, we control for these parameters,
by choosing two stars with nearly identical Teff , log g, [C/Fe],
and [O/Fe], but vastly different [N/Fe], for our comparison.
We stress that the “normal” comparison star is chosen not
to be a representative of a FG counterpart to the N-rich star,
but rather to have stellar parameters and abundances that
are identical to that of the N-rich stars, so as to highlight the
impact of nitrogen abundance variations in the stellar spec-
trum. The stars selected are 2M17480576-2445000 (N-rich)
and 2M18081125-2426140 (N-normal); their stellar parame-
ters and chemical abundances are displayed in Figure 4a.
The spectra of these two stars are compared in a wave-
length range containing several CO lines (Me´sza´ros et al.
2015), some of which are indicated by vertical tick marks.
One can immediately conclude that the CO lines are simi-
lar between the two spectra. In fact, the N-normal star has
slightly stronger CO lines, which is possibly due to a com-
bination of a slightly higher carbon abundance and slightly
lower surface gravity. The strong bandhead at λ ∼ 1619 nm
shows a particularly larger difference, which is possibly due
to contamination by lines due to Si, V, and Sc. In Figure 4b
spectra for the same stars are now compared in a region
containing several OH lines and, again, line strengths are
similar in the spectra of the two stars. The combination of
these two empirical results, in view of the fact that the two
stars have nearly the same atmospheric parameters, means
that they must have similar abundances of carbon and oxy-
gen, as indicated by the ASPCAP results. We now turn to
Figure 4c, where the spectra are compared in a region con-
taining CN lines, again indicated by vertical tick marks. The
N-rich star has remarkably stronger CN lines which, in view
of the similarity between the two stars in all the other rel-
evant parameters, can only mean that it has much higher
nitrogen abundance. ASPCAP tells us that [N/Fe] in the
N-rich star is higher than in the N-normal star by 0.7 dex.
To first order, the quality of the ASPCAP result is verified
by comparison between the observed spectrum and the best
ASPCAP fit (Figure 4d), where it can be seen that the CN
lines (and indeed most of the spectrum) are well reproduced.
The quality of the ASPCAP fits to the spectra of N-normal
stars can be verified in other APOGEE publications (e.g.,
Holtzman et al. 2015; Garc´ıa Pe´rez et al. 2015a). We con-
clude that the nitrogen abundance differences, which are
the basis for our identification of a new stellar population in
the inner Galaxy, are highly reliable.
3.4 Evolutionary stage of the N-rich stars
Post main-sequence evolution is known to affect the sur-
face abundances of giant stars during the RGB and
AGB evolutionary stages, in ways that resemble those ob-
served in the N-rich sample (e.g., Renzini & Voli 1981;
Charbonnel & Lagarde 2010). In particular, the abundance
pattern identified in our sample of N-rich stars is charac-
teristic of the surfaces of intermediate-mass (3-4 M⊙) AGB
stars that have undergone hot bottom burning. The pres-
ence of such young, moderately metal-poor stellar popula-
tions in the Galactic bulge would have important implica-
tions. Therefore, the interpretation of our results depends
crucially on establishing the evolutionary stage of the stars
under analysis. The large luminosities and low temperatures
of AGB stars, combined with the relatively bright APOGEE
magnitude limits in bulge fields (Zasowski et al. 2013) and
the focus of our sample on Teff < 4500K may bias our sample
towards a high fraction of AGB stars. The possible existence
of such a bias is examined in this section.
3.4.1 Known AGB stars and colour-magnitude diagram
We start by searching for known candidate AGB stars in the
N-rich sample. Inspection of the IDs of AGB stars targeted3
in the Galactic centre field (field ID “GALCEN” in the
APOGEE data base) showed that none of them is included
in the N-rich sample—in fact, they are almost all too cool
(Teff < 3500 K) for ASPCAP to deliver reliable abundances.
The only exception is star 2M17451937-2914052, for which
ASPCAP finds Teff = 3690 ± 91K, [Fe/H]=−0.68 ± 0.04,
[C/Fe]=+0.54±0.05, [N/Fe]=+0.16±0.08, [Al/Fe]=−0.10±
0.10, which places this star clearly outside the chemical com-
position locus occupied by N-rich stars.
The next obvious way of checking for the presence of
an AGB bias is by comparing the distribution of N-rich and
N-normal stars in the colour-magnitude diagram (CMD).
3 AGB star candidates were selected from the sample of
Schultheis et al. (2003), which is based on H2O and CO absorp-
tion, ISOGAL mid-IR excesses, and light curves. We refer the
reader to that paper for further details.
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Figure 5 displays the N-rich and N-normal samples in the
dereddened 2MASS (Skrutskie et al. 2006) CMD. Dered-
dening was performed using AK from DR12 (adopting the
A K TARG parameter), which was inferred through the RJCE
method (Majewski et al. 2011), and adopting the extinction
law from Indebetouw et al. (2005). The sample plotted is
limited to [Fe/H] < –0.5, to minimise differences between
N-normal and N-rich samples that are purely due to dif-
ferences in their metalliticy distributions (see discussion in
Section 3.6). One can immediately notice that the two sub-
samples occupy the same locus in the CMD, suggesting that
the N-rich sample is not biased towards AGB stars relative
to the remainder of the field sample. In other words, the
AGB/RGB ratio of the N-rich sample is likely to be the same
as that of the rest of the field sample. The same conclusion
is drawn from comparison of the two samples in a (redden-
ing and distance independent) Teff vs log g diagram (not
shown). A more quantitative assessment can be made by se-
lecting N-rich and N-normal stars within a narrow range of
metallicities and compare the differences in colour between
the two samples for the same magnitude, where AGB and
RGB stars can differ in J −K by as much as 0.05 mag (e.g.,
Girardi et al. 2000). We proceeded by fitting fiducials to the
two samples in the CMD and comparing the colours of the
fiducials for a given magnitude. For instance, at H = 9, we
obtain J−K = 0.91±0.04 and 0.91±0.06 for N-rich and N-
normal, respectively, and at H=10 we obtain J −K = 0.85
for both samples, with same uncertainties. In conclusion, we
find no difference between N-rich stars and the rest of the
field sample in the dereddened 2MASS CMD, which is con-
sistent with no substantial difference in AGB contribution
to the N-rich sample and the rest of the field.
3.4.2 Infrared excess
The presence of AGB stars in our sample can be further
assessed by detection of photometric signatures of the pres-
ence of circumstellar dust. Vigorous mass loss during late
stages of AGB evolution is responsible for the formation of
dusty envelopes (e.g., Habing 1996), which manifest them-
selves through excess radiation at long wavelengths (e.g.,
Garc´ıa-Lario et al. 1997). In Figure 6 N-normal and N-rich
stars are shown in a 2MASS dereddened colour-colour dia-
gram. The loci occupied by RGB and main sequence stars,
AGB stars, young stellar objects (YSOs), and planetary neb-
ulae (PNe), according to the study by Garc´ıa-Lario et al.
(1997), are separated by lines and indicated by labels.4 Be-
cause of the presence of circumstellar dust, AGB stars oc-
cupy a locus towards colours redder than those of RGB and
MS stars in this diagram. From the distribution of the data
4 The loci of the various object types in the colour-colour dia-
gram were defined by Garc´ıa-Lario et al. (1997) on the basis of
photometry on the Koornneef system (Koornneef 1983). Consid-
ering small zero point differences between different photometric
systems and an error of 5-10% in photometry of bright stars, the
mismatch between the loci in the two systems should be at most
0.1 mag, which does not affect our conclusions.
Figure 5. The dereddened 2MASS colour-magnitude diagram for
the sample studied in this paper. “Normal” stars are plotted us-
ing small gray symbols, and N-rich stars with larger red symbols.
Only stars with [Fe/H] < –0.5 are shown for both samples, to
minimise effects due to differences between the metallicity dis-
tributions of the two samples (the normal stars extend to much
higher metallicities; see Section 3.6). There are no noticeable dif-
ferences between N-rich and N-normal stars, suggesting that the
N-rich stars are unlikely to be dominated by AGB stars.
points, one can see that the vast majority of the sample is
located in the RGB+MS sequence, with only about 1% of
all the stars positioned in the AGB area of the plot. In par-
ticular, all N-rich stars inhabit the RGB+MS part of the
diagram, which provides further evidence for the absence of
an important contribution of AGB stars to our N-rich sam-
ple.
Figure 7 shows our sample stars on colour-magnitude
and colour-colour diagrams based on Spitzer IRAC dered-
dened photometry (again using the extinction law by
Indebetouw et al. 2005). Mid-IR colours are particularly
sensitive to the presence of dust, so these diagrams help
spotting AGB stars with dusty envelopes. On the top panel,
N-normal and N-rich stars are contrasted on a CMD, where
the loci of RGB and AGB stars at a distance of 8 kpc, ac-
cording to Ramı´rez et al. (2008) are indicated. As in previ-
ous cases, the data strongly suggest of a very small contri-
bution by AGB stars to our sample. In the bottom panel,
stars are displayed on an IRAC dereddened colour-colour
diagram, where a line separates the locus of RGB from that
of redder YSOs, red supergiants, and AGB stars. The loci
were established from visual expection of Figure 1 (bottom
panel) of Marengo et al. (2007), who studied IRAC photom-
etry for a sample of Galactic AGB stars. Again in this case,
the vast majority of our sample stars is located safely out-
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Figure 6. Sample stars in the 2MASS dereddened colour-colour
plot, adopting same symbols as Figure 5. The colour-colour plane
is divided into sections populated by various types of NIR-bright
objects, following the study by Garc´ıa-Lario et al. (1997), as in-
dicated by the labels. The vast majority of the sample occupies
the RGB+MS region of the diagram, which shows that there are
very few dusty AGBs in the sample. In particular, none of the
N-rich stars occupies the AGB part of the diagram.
side the AGB region of the diagram, and within the locus
commonly occupied by RGB stars.
3.4.3 Variability
Asymptotic giant branch stars undergo thermal pulsations
(e.g., Iben & Renzini 1983), which manifest themselves ob-
servationally in the form of moderate to high amplitude,
long-period magnitude variations. Stellar types commonly
associated with the AGB phase are Mira-type variables,
long-period variables, semiregular variables, and the heav-
ily obscured OH/IR stars (e.g., Gray & Corbally 2009;
Jime´nez-Esteban et al. 2006).
To establish the occurrence of variability, one ide-
ally needs multi-epoch observations, preferably performed
within the same photometric system, to minimise confusion
due to zero-point differences. These are difficult to obtain
because of the long periods associated with these variations,
typically of the order of 102 − 103 days (Gray & Corbally
2009). In light of these requirements, probably the best
source for photometric variability information on our sam-
ple stars would be long-term monitoring photometric sur-
veys over large areas of the Galactic bulge, such as OGLE
(Udalski et al. 1997; Soszyn´ski et al. 2013) in the optical,
and VVV (Saito et al. 2012; Catelan et al. 2013) in the
NIR. Unfortunately, the overlap between the APOGEE and
OGLE footprints is very small, so that only 4 N-rich stars
Figure 7. Using dereddened Spitzer IRAC photometry to deter-
mine the evolutionary stage of our sample. Top panel: The loci of
N-normal and N-rich stars in the CMD is displayed. The areas of
the diagram occupied by AGB and RGB stars are shown, suggest-
ing that both the N-normal and N-rich samples are dominated by
RGB stars. Bottom panel: Same sample as in the top panel, now
in a colour-colour diagram. The solid line shows the frontier be-
tween the loci of RGB and other stellar types. Again, the evidence
suggests that our sample is overwhelmingly dominated by RGB
stars.
were observed by OGLE. None of these stars are included
in the OGLE catalogs of long or double period variables.
The overlap with the VVV footprint is much larger, but due
to the relatively bright limit of the APOGEE bulge sam-
ple (H<11.2), saturation is a problem for VVV data (see,
e.g., Catelan et al. 2013, for details). We first examine mag-
nitude differences between the two epochs included in the
USNO-B catalog (Monet et al. 2003), which contains 4,296
stars in common with our bulge sample, of which 55 are
N-rich stars. The data are shown on the top panel of Fig-
ure 8, where R-band magnitude variations are plotted as
a function of first-epoch magnitudes. The thin lines indi-
cate 2σ departures from the mean difference (thick line),
where σ is the photometric precision (∼ 0.5 mag). Most
stars are consistent with no variability. About 11% of the
N-rich stars varied by more than twice the photometric pre-
cision, whereas when the entire sample is considered, 13%
of the stars varied by more than 2σ. We find, for the whole
sample, 〈∆R1〉 = −0.4 ± 0.9 and for N-rich stars we find
〈∆R1〉 = −0.4±1.0. Combined, these numbers suggest that
the N-rich stars do not include a higher fraction of variable
stars than the rest of the sample. This result is insensitive
to assumptions on the photometric precision of the UNSO-B
catalog. Moreover, comparison of DENIS and 2MASS data
(below) suggests in fact that the variability information as
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Figure 8. Assessment of the amoung of variability in the N-
rich sample. Top panel: Variation in R magnitude between two
epochs in the USNO-B catalog, as a function of magnitude in the
first epoch. Small gray and solid black dots normal and N-rich
stars, respectively. The thick horizontal line marks the position
of the mean difference, and the two thin lines mark ±2σ depar-
tures from the mean, where σ is the photometric precision. The
mean difference and standard deviation are the same for the N-
rich and normal sample. Moreover, about 90% of the points in
both samples are within 2σ of the mean, thus having no evidence
for variability. Middle panel: Same as above, for the difference
between K-band magnitudes in 2MASS and DENIS, which have
negligible zero-point differences. Conclusions are the same as in
top panel. Bottom panel: Comparison between magnitude varia-
tions in optical and NIR from panels above. The thin lines again
indicate 2σ off the mean values, where σ is again photometric
precision. There is no correlation between magnitude variations.
Stars for which there is an indication of variability in one band
are consistent with no variation in the other band, suggesting
that photometric errors may be responsible for strong variations
observed.
inferred from this analysis of USNO data is actually ques-
tionable.
Identification of variable stars in the USNO-B catalog
is made difficult by its relatively low photometric precision.
Therefore, we investigate more precise photometry from
NIR catalogs, which also have well determined photometric
zero points. Comparing 2MASS (Skrutskie et al. 2006) with
UKIDSS (Lawrence et al. 2007) data, we found 36 N-rich
stars are present in both catalogs out of a total common
sample of 360 stars. Unfortunately, saturation of UKIDSS
data is a problem for stars brighter than K2MASS ∼ 10.5,
but the few stars fainter than that limit show no evidence
for variations between the two catalogs.
We next examine possible variations between DENIS
(Epchtein et al. 1997) and 2MASS magnitudes, noting that
Cabrera-Lavers & Garzo´n (2003) showed zero point differ-
ences between the two photometric systems to be not sig-
nificant. A total of 4,692 stars from our sample are included
in both catalogs, with 58 of them being N-rich. In Figure 8,
middle panel, the difference between K-band magnitudes in
the 2MASS and DENIS systems is plotted as a function mag-
nitude. Symbols and horizontal lines have the same mean-
ing as in the top panel, adopting a photometric precision
of 0.03 and 0.05 mag for 2MASS and DENIS, respectively
(Skrutskie et al. 2006; Cioni et al. 2000). The result of this
comparison is consistent with what we found from analysis
of the USNO-B data, with the vast majority of the stars be-
ing consistent with no variation. About ∼15% of the stars in
the sample have variations larger than 2σ, and in the N-rich
sample, the number is ∼12%.
It is possible that some of the stars below the variability
detection threshold of this comparison are small amplitude
red giant variables, such as those identified in the OGLE
survey (Wray et al. 2004; Soszyn´ski et al. 2013). This in fact
may partly explain why the scatter in the residuals (∼0.1–
0.14 mag) is larger than expected on the basis of photometric
errors alone (∼0.06 mag). Most importantly, if the incidence
of AGB stars was higher in the N-rich sample, we would
expect magnitude differences for those stars to present a
larger scatter than for the rest of the sample. However, in
agreement with USNO-B data, this is not what we find. In
fact, the standard deviation of the N-rich sample is slightly
smaller in the N-rich sample (〈∆K〉 = 0.01 ± 0.11) than in
the rest of the sample (〈∆K〉 = 0.01 ± 0.14), which taken
at face value suggests that the incidence of variable stars in
the N-rich sample is, if anything, smaller than in the rest of
the sample.
In conclusion, analysis of two-epoch observations in
both the optical and NIR consistently indicate that the frac-
tion of variable stars in our sample is of the order of ∼10%.
However, interestingly, the bottom panel of Figure 8 shows
that there is no correlation between magnitude variations
in the USNO and 2MASS/DENIS catalogs, particularly in
the N-rich sample. It is noteworthy that the stars for which
variation is largest in one band, in the other band fall within
the area of the graph consistent with no variation. In other
words, they are confined to the cross-shaped locus defined
by the ±2σ limits in both bands. In other words, stars that
look variable in NIR do not in optical, and vice versa. This
may be partly due to the fact that observations were col-
lected at different epochs, but in this case one would expect
that at least some of the largest deviants would fall outside
the cross-shaped locus. Of relevance to this discussion is the
fact that magnitude errors for the most deviant points in the
USNO-B sample are particularly large, even though they do
not entirely account for the discrepancies. All in all, the bot-
tom panel of Figure 8 suggests that the fraction of variables
in the N-rich sample may be indeed smaller than suggested
by USNO and 2MASS-DENIS data considered in isolation.
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We conclude that there is little evidence for a large
contribution of AGB stars to our sample. Considering un-
certainties in photometry and in the locus occupied by the
various stellar types in the 2MASS and IRAC CMDs and
colour-colour plots, it seems safe to conclude that our sam-
ple stars are predominantly composed of first-ascent RGB
stars, with at most a small contribution by AGB stars. It is
difficult to provide a solid estimate of the ratio between the
number of AGB and RGB stars in our sample, without a
more detailed analysis of the AGB candidates. Examination
of the data presented in this Section suggests that the ratio
is probably no larger than ∼ 5-10%, being thus consistent
with data from other old metal-poor stellar populations (see,
e.g., Girardi et al. 2010, for a discussion). This topic will be
the subject of further investigation in a future publication
(Zamora et al., 2016, in prep.).
3.5 Incidence of Mass Transfer Binaries in N-rich
Sample
Stars with N and Al overabundances can also originate
through a binary mass-transfer channel. Intermediate-mass
stars (M∼3-8M⊙) undergo hot bottom burning during their
AGB phase, producing large amounts of N and Al (e.g.,
Ventura et al. 2013). When these objects are members of
a binary with an appropriate semi-axis size, mass transfer
takes place and the low-mass companion atmosphere is en-
riched with the products of AGB nucleosynthesis. The donor
star evolves away from the AGB phase and eventually be-
comes a faint white dwarf, while the companion retains their
chemical signature.
Establishing the presence of radial velocity variations
among the N-rich stars would be the most natural course
of action towards estimating the fraction of such objects
formed through the binary channel. However, most of the
objects in our sample were observed just once and those with
multiple observations have a relatively short (6 6 months)
baseline, which makes possible detection of only a small frac-
tion of such binaries. Observations of CH stars, which are
objects of similar nature (see below for details), are typi-
cally of the order of several years (see, e.g., Lucatello et al.
2005a).
To determine the expected number of mass-transfer bi-
naries in a given population from first principles one needs to
know a number of properties of the underlying stellar popu-
lation, such as the initial mass function, the binary fraction
as well as binary period, eccentricity, and mass ratio distri-
butions. Systematic studies of orbital properties of binary
stars have been generally limited to the solar neighbourhood,
and mostly deal with solar type (e.g., Duquennoy & Mayor
1991) or M-dwarf stars (see, e.g., Abt & Willmarth 2004;
Fischer & Marcy 1992). Nevertheless, reasonable assump-
tions can be made for these quantities. However, another
critical ingredient is the range of periods (or semi-axes)
within which mass transfer takes place effectively, which is
highly uncertain, due to the current incomplete understand-
ing of mass transfer during the common envelope phase and
the treatment of angular momentum loss (for a discussion of
the theory and examples of its applications, see Abate et al.
2013, 2015, respectively).
Alternatively, one can estimate the expected fraction of
N-rich stars which result from transfer binaries in a more
empirical way, by using the observed number of CH stars in
the whole sample. Classical CH-stars, like Ba and CEMP-
s stars owe their peculiar composition to mass transfer
from a relatively low-mass (M∼1.5-4M⊙) companion (see,
e.g., McClure & Woodsworth 1990; Lucatello et al. 2005a;
Starkenburg et al. 2014). The mass range for the donor star
is determined by the minimum mass for the third dredge-up
(and hence for becoming a CH star) and by the onset of
effective hot bottom burning, which burns C into N quite
effectively.
Under the assumption that the binary incidence and the
distributions of orbital period, mass ratio, and eccentricity
are not dependent on the mass of the primary (which is quite
reasonable in the mass range under discussion) and that the
same mass-transfer physics applies, the ratio between the
expected incidence of CH stars and N-rich stars should be
equal to the number ratio of donor stars in a given pop-
ulation. These numbers can be easily estimated by assum-
ing that companions to CH stars and N-rich stars had ini-
tial masses in the 1.5-3M⊙ and 3-8M⊙ range, respectively.
This ratio is ∼ 0.5, being rather insensitive to whether one
picks a Salpeter (1955), Kroupa (2001) or Chabrier (2003)
IMF. This is likely an overestimate: while all stars in the
∼3-8M⊙ range undergo hot bottom burning and hence be-
come enriched in nitrogen, the Mg-Al cycle is activated at
T ∼ 50MK, and considerable Al production happens only
for stars with masses within the higher end of the above
range (with the lower cutoff depending on metallicity see,
e.g., Ventura et al. 2013). Using this ratio, we can deter-
mine, on the basis of the number of bona fide CH stars, the
expected number of bona fide N-rich stars of binary origin.
In order to count the number of CH-star candidates in
our sample, a lower limit in [C/Fe] must be defined. A com-
monly adopted number for metallicity within −1 <∼ [Fe/H] <∼
0 is [C/Fe]=+0.3 (see e.g., Lucatello et al. 2005b). However,
[C/Fe] varies slightly with metallicity within the sample,
so that a sample of CH-star candidates defined on the ba-
sis of a constant lower limit would be biased towards stars
with higher metallicity. Therefore, CH-star candidates are
selected in a manner analogous to how the N-rich sample
itself was defined, by fitting a high order polynomial to the
run of [C/Fe] with [Fe/H] and taking stars deviating from
the fit by +4σ. The CH-star candidate sample defined in this
way has a metallicity distribution in acceptable agreement
with that of the N-rich stars (Section 3.6), which is consis-
tent with the two samples belonging to the same underlying
stellar population. The CH-star candidate sample contains
52 stars. Examining the ASPCAP outputs for these stars,
we find that 23 have one or more of several ASPCAP qual-
ity flags raised, namely, STARWARN, ROTATIONWARN, CHI2
WARN, COLORTE WARN, and TEFF WARN. This indicates, as
confirmed by visual inspection of several examples, that the
spectral fits are of poor quality, or that the stellar parame-
ters are unreliable, or both, suggesting that the abundances
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for these stars cannot be relied on (note that none of those
flags were raised for any of the N-rich stars). Eliminating
these 23 stars from the sample and recalling that the ex-
pected ratio of N-rich to CH stars resulting from binaries is
0.5, our estimate of the number of N-rich stars owing their
atmospheric composition to binary mass transfer would be
∼ 15, or approximately a quarter of the sample identified in
previous Sections.
We emphasise that this number is an upper limit, based
on adopting a wide mass range for the production of Al in
intermediate-mass stars and a low cutoff for considering a
star C-rich. In fact, we argue that the real number must
be smaller, for the following reasons. First and foremost,
one would expect to find a population of N-rich stars in
the Galactic disk if the phenomenon had an important con-
tribution from mass transfer binaries. There are ∼ 95 CH-
star candidates, defined in the same way as above, in a disk
sample defined by |b| < 20◦, 20 < l < 340◦, and the same
atmospheric parameters as the bulge sample. Of those, 46
have ASPCAP quality flags raised, leaving us with a sample
of 49 CH-star candidates. Following the same reasoning as
above, one would expect to find 25 N-rich stars in the disk
field, and instead not a single one is found. In fact, the few
N-rich stars identified within the thusly defined disk belong
to the low latitude globular clusters M 71 and NGC 6760.
One might argue that, because the disk has a higher overall
metallicity than the N-rich sample, the production of N-rich
stars is inhibited, because models suggest that intermediate-
mass AGB stars produce less nitrogen at higher metallicity
(Ventura et al. 2013). However, looking at the problem in a
different way, we can examine the frequency of metal-poor
N-rich stars in the bulge and ask how many such stars we
would expect in the disk. At [Fe/H] < −1.0, there are 15
N-rich stars out of a sample of 220 bulge stars in the same
metallicity range and with same constraints on [C/Fe]. In
the disk, the number of stars in the same locus of param-
eter space is 100, so that one would expect about 7 ± 3
N-rich moderately metal-poor disk stars to be discovered
by APOGEE, in disagreement with the absence of any such
stars in our sample.
Therefore, we conclude that, to the best of our knowl-
edge, the contamination of the N-rich star sample by the
remnants of mass transfer binaries can amount to as much
as 25%, although the fraction is likely to be smaller.
We summarise the content of Sections 3.4 and 3.5 by
concluding that there is no evidence for a high incidence
of either AGB stars or mass-transfer binaries in our sam-
ple, so that the abundance pattern observed in most of the
sample cannot be explained by those phenomena. We thus
conclude that we have identified a stellar population in the
inner Galaxy with a chemical composition akin to that of SG
stars from globular clusters. The implications of this result
are discussed in Section 4.
3.6 Metallicity Distribution
In order to characterise the newly discovered stellar popula-
tion, we examine its metallicity distribution function (MDF)
and, in Section 4, contrast it with those of the Galactic bulge
and globular clusters. Figure 9 shows the MDFs for these
three samples. The top panel shows the MDF of the entire
population defined in Section 2, whereas the middle panel
shows that of the N-rich stars. The bottom panel shows
the MDF of Galactic GCs included in the 2010 version of
the Harris catalog (Harris 1996). The metallicities of both
APOGEE samples are corrected by –0.2 dex, to bring the
APOGEE metallicity scale for [Fe/H]<∼–0.4 into agreement
with the literature on abundance studies in the optical (see
Holtzman et al. 2015, for details). A constant correction is
adopted for simplicity, even though it is only good for stars
within the above metallicity range. As one can attest from
inspection of Figure 6 of Holtzman et al. (2015), raw [Fe/H]
values provided by ASPCAP are in good agreement with the
literature for metal-rich clusters, so that the corrected val-
ues for metal-rich are too low by 0.2 dex. Since the number
of N-rich stars in this metallicity regime is negligible, this
small inaccuracy does not affect our results or conclusions.
3.6.1 The bulge MDF
A detailed examination of the MDF in the top panel of
Figure 9 is beyond the scope of this paper, and for that
we refer the reader to Garc´ıa Pe´rez et al. (2015b). For our
purposes, we simply state that the global bulge MDF is
in good agreement with those by Rojas-Arriagada et al.
(2014) and Ness et al. (2013a), which are based on Gaia-
ESO and ARGOS data, respectively. In particular, stars
with [Fe/H] < –1 make up 5.8 and 4.6% of the samples
by Rojas-Arriagada et al. (2014) and Ness et al. (2013a), re-
spectively, whereas they make up 228 out of our sample of
5,140 stars, or 4.4 ± 0.4%, which is in formal agreement with
the Ness et al. (2013a) MDF.
To err on the side of caution, we checked for the pres-
ence of a bias against metal-poor giants that could have
been introduced by the Teff < 4500K limit in our sample.
We found that extending the sample by including giants as
warm as Teff = 6500K added 18 stars to the sample, increas-
ing only marginally the percentage of stars with [Fe/H]<–1,
to 4.7 ± 0.4%. Examining in detail the Teff distribution of
the stars that are excluded by the Teff < 4500K cut, we find
that all stars have Teff < 5100K. The absence of warmer
stars is due to the relatively shallow (H=11) APOGEE mag-
nitude limit in bulge fields, which restricts the sample to
cool evolved giants. Regarding their metallicity distribu-
tion, the stars range between –2<[Fe/H]<+0.0, with a mean
value of [Fe/H]=–0.94. On the metal-poor end, 16 stars have
[Fe/H]<–1 to be contrasted with at sample of 220 stars in
the same metallicity range and 3500 < Teff < 4500K. Most
importantly, only at most 5/18 of those stars can be classi-
fied as N-rich following the definition provided in Section 3.2.
Of those, 2 have [Fe/H]>–1, 2 are within the –1.5<[Fe/H]<–
1 interval, and 1 has [Fe/H]<–1.5. Such a small sample of
warm N-rich stars has obviously no impact on the MDF of
the N-rich population. It is thus safe to conclude that our
sample is free of any important metallicity bias on the metal-
poor end. In closing, we note that the N-rich/N-normal ra-
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Figure 9.Metallicity distribution functions (MDFs) for the bulge
field (top panel), N-rich stars (middle panel) and the Galactic
globular clusters (bottom panel). The hatched gray histogram in
the bottom panel shows the MDF obtained when only bulge GCs
are considered. The MDFs of the bulge field and N-rich stars have
significantly different shapes, so that it is difficult to conceive of
a scenario where dissolved GCs contribute significant amounts
of stellar mass to the Galactic bulge. The MDF of N-rich stars
is also quite different from that of the Galactic GCs either con-
sidering the entire GC system (open histogram) or only those
contained within the volume defined in Section 2 (hatched gray),
making it difficult to conceive of a single mechanism connecting
the population of dissolved GCs with the existing ones. See text
for details.
tio within this warm sub-sample is 5/18, thus substantially
higher than in the rest of the metal-poor sample. Given the
considerable uncertainties in [N/Fe] at such low metallicity
and relatively high Teff , we ascribe little significance to this
result, while deeming it worthy of a closer examination in
the near future.
4 DISCUSSION
The findings discussed in the previous section tantaliz-
ingly suggest that a population of stars with globular clus-
ter origin has been identified in the inner Galaxy. In line
with early theoretical predictions (Tremaine et al. 1975, see
also Gnedin et al. 2014), we hypothesise that these stars
result from the destruction of pre-existing Galactic glob-
ular clusters. Interestingly, Brandt & Kocsis (2015) pro-
posed that millisecond pulsars, resulting from the destruc-
tion of GCs, can account for gamma ray detections by the
Fermi satellite towards the central regions of the Galaxy.
This has important implications, as Brandt & Kocsis (2015)
show that their model does a better job of matching
the data than models invoking annihilating dark matter
(Hooper & Goodenough 2011). Assuming this hypothesis is
correct, our discovery may also have interesting repercus-
sions for the current understanding of the formation and
evolution of the Galactic globular cluster system, the pres-
ence of multiple stellar populations in globular clusters, and
possibly also the formation of the bulge itself. In this sec-
tion we discuss some of these ramifications. We conduct our
discussion in Sections 4.1 through 4.5 within the framework
of a GC origin for the newly found stellar population. In
Section 4.6, we speculate on a possible connection between
N-rich stars and stellar populations inhabiting the cores of
Andromeda and early-type galaxies. Finally, in Section 4.7
we discuss the origin of the new stellar population, conjec-
turing also possible scenarios beyond a pure GC origin.
4.1 MDF constraints on the FG/SG ratio
We begin by exploring the observed MDF in order to place
constraints on the ratio between the numbers of stars with
N-normal and N-rich chemical compositions—the FG/SG
ratio—in the parent population of N-rich stars. Figure 9
shows that the MDF of N-rich stars (middle panel) differs
quite substantially from that of the rest of the full sample
(top panel). While the bulge MDF extends towards very high
metallicities, that of N-rich stars peaks around [Fe/H]=–
1, with broad wings towards high and low metallicity. The
apparent dip around [Fe/H] = –0.9 is strongly dependent on
the binning adopted, so we assign no significance to it, given
the small numbers per bin.
Assuming that the MDF of N-rich stars reflects pre-
cisely that of the destroyed GCs, one can use the metal-poor
tail of the MDFs to constrain the ratio of N-normal to N-
rich stars, and in this way derive an upper limit on the mass
lost by GCs. There are 15 N-rich stars with [Fe/H] < −1 out
of a sample of 214 stars in the field within the same metal-
licity interval and [C/Fe] < +0.15. In other words, approxi-
mately 93% of the stars in our sample with [Fe/H] < −1
have normal N abundances. Therefore, if one was to ac-
cept that all bulge stars with those metallicities originate
from the destruction of GCs—a rather extreme scenario—
one would conclude that 93% of the stellar mass in those
systems was originally in the form of FG stars. We empha-
sise that this is an upper limit. The MDF in the top panel
of Figure 9 shows that the inner Galaxy is dominated by a
metal-rich stellar population which most likely does not re-
sult from GC destruction, seeing as it lacks a counterpart in
the N-rich MDF. It is only reasonable to assume that some
of those field populations not associated with GC destruc-
tion are also present at [Fe/H]< −1. Thus, to have all bulge
stars with [Fe/H]< −1 come from GC destruction is most
likely an unachievable feat. Consequently, the fraction of FG
stars in those systems was most likely lower than 93%. If we
were to assume, for instance, that as much as 1/2 of the
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mass in the volume sampled resulted from GC destruction,
then we would conclude that FG/SG ∼ 6 for the dissolved
GCs. In subsequent sections we explore the impact of the
acceptable range of FG/SG ratio values on estimates of the
total stellar mass in destroyed GCs. This result rules out
models requiring FG/SG ∼ 10 − 100 to address the mass
budget problem.
Most importantly, this result poses a constraint on mod-
els that address the mass budget problem in GC forma-
tion by proposing that the FG/SG ratio was much larger
in early GCs than observed today. Recently, Larsen et al.
(2012, 2014) determined integrated-light metallicities of GCs
in dwarf galaxies, and established that the ratio between the
stellar mass in GCs and the field, at the same metallicity, in
the stellar haloes studied was too high to accommodate the
requirements from selective stellar mass-loss models. That
essentially the same conclusion has been reached from stud-
ies of samples in very different environments and metallicity
ranges suggests that this may well be a general result.
4.2 Mass in Dissolved GCs
Under the hypothesis that the N-rich stars result from dis-
solution of Galactic GCs, it is interesting to use their ob-
served numbers to estimate the total stellar mass contained
in dissolved GCs, to assess its contribution to the total stel-
lar mass of the inner Galaxy and also to compare it with
the mass contained in surviving GCs. However, only one
type of GC star can be uniquely discriminated on the ba-
sis of the data under consideration—those belonging to the
SG group. An estimate of the total stellar mass allocated
in the form of these dissolved clusters obviously requires
knowledge of the contribution by FG stars, which cannot be
distinguished from field populations of the same metallicity,
at least not on the basis of APOGEE data alone. In the
absence of any constraints on the FG/SG ratio, we make
assumptions for two limiting cases that hopefully bracket
the entire range of possibilities. The minimal scenario, as-
sumes that there is no mass budget problem. In other words,
the FG/SG ratio is exactly as observed today—about 1/2
(Carretta et al. 2009). In contrast, in the maximal scenario,
FG stars completely overwhelm N-rich stars. According to
that scenario, early GCs were 10-100 times more massive in
the past (Bastian & Lardo 2015; Cabrera-Ziri et al. 2015),
with essentially all the mass lost having been in the form of
FGs. However, as discussed in Section 4.1, the FG/SG ratio
cannot have been higher than ∼ 9/1 without violating con-
straints from the low-metallicity end of the MDF discussed
in the previous section.
We discuss these scenarios and their consequences in
Sections 4.3 and 4.4.
4.3 The Minimal Scenario
To estimate the mass in dissolved GCs, we first estimate the
fraction of the total stellar mass in the inner Galaxy con-
tributed by N-rich stars, and following that we determine
the contribution by dissolved GCs assuming FG/SG = 1/2.
The total number of N-rich stars, selected as described in
Section 3.1, is 58 out of a total sample of 5,140 stars. To
first order, the ratio of N-rich to N-normal stars is not bi-
ased in any important way by APOGEE’s target selection
criteria (see Zasowski et al. 2013, for details), or by the defi-
nition of our sample, including its range of stellar parameters
(Section 2). Therefore, we can safely state that N-rich stars
amount to about 1.1% of the total population in the inner
Galaxy.
Assuming FG/SG = 1/2, we conclude that the contri-
bution of dissolved GCs to the stellar mass content of the
inner Galaxy is small, at the 1.7% level. By further assuming
a (unlikely) scenario where the contribution of mass-transfer
binaries to the N-rich sample is at its maximum 25% level,
we would be led to conclude that the lower limit for the
fractional contribution of dissolved GCs to the mass of the
bulge is 1.3%.
The total mass of the Galactic bulge is estimated
to be ∼ 2 × 1010 M⊙ (Sofue et al. 2009), with a stellar
mass ranging somewhere between 1.25 and 1.6×1010 M⊙
(Portail et al. 2015). In the minimal scenario, the total
mass in stars resulting from GC destruction would then
range between 1.6 and 2.1 × 108 M⊙, which is in relatively
good agreement with model predictions for the contribu-
tion of disrupted GCs to the stellar mass contained within
the inner few kpc of the Galaxy (107−108 M⊙, see, e.g.,
Tremaine et al. 1975; Gnedin et al. 2014). Brandt & Kocsis
(2015) showed that a similar mass in dissolved GCs can ex-
plain the gamma ray detections by the Fermi satellite within
10◦ of the Galactic centre.
An alternative mass estimate can be obtained from con-
sideration of a detailed model for the inner Galaxy, such as
the one by Robin et al. (2014), which matches stellar counts
in the 2MASS and SDSS catalogs. According to Robin et al.
(2014) a cylinder of 2 kpc radius and 4 kpc height centred on
the Galactic centre, contains a total 1.1 × 1010 M⊙. There
are a total of 3,244 APOGEE stars within the same vol-
ume, 45 of which belong to the N-rich population. Folding
in factors accounting for the FG/SG ratio and maximum
mass-transfer binary contribution, we conclude that the to-
tal mass of disrupted GCs would be 1.7× 108 M⊙, which is
within the range of estimates provided above.
4.3.1 Dissolved vs Existing GCs
Significantly, the mass contained in dissolved GCs is a factor
of ∼ 6-8 higher than the total mass in all existing Galactic
GCs (∼ 2.8 × 107M⊙, Kruijssen & Portegies Zwart 2009).
This is obviously an important result. On the theory that
N-rich stars are byproducts of GC destruction, we would
conclude that the Galactic GCs are remnants of a formerly
much larger GC system—or of what would have become a
much larger GC system today—that was largely destroyed
through interaction with the environment.
This result naturally prompts us to ask whether such
a dramatic destruction rate is a common phenomenon in
the universe, or whether the Milky Way is in some way
special. Hudson et al. (2014) reported that the ratio η be-
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tween the mass of the GC system and total galaxy mass
(including both dark and stellar matter) is ∼ 4× 10−5, and
showed that it is constant over several orders of magnitude
in galaxy mass and with a relatively small intrinsic scatter
of only 0.2 dex. If the Galaxy underwent abnormally intense
GC destruction, that should manifest itself by a substantial
displacement from this mean value. Adopting the Galactic
GC system mass from Kruijssen & Portegies Zwart (2009)
(∼ 2.8 × 107M⊙) and a total mass of the Galaxy ranging
between 6 × 1011M⊙ and 3 × 10
12M⊙ (e.g., Barber et al.
2014; Fattahi et al. 2015), we obtain ηMW ranging between
9× 10−6 and 5× 10−5. Considering the uncertainties in the
numbers involved, one would conclude that ηMW is rather
typical (if perhaps a bit on the low side), which suggests
that GC destruction at the levels inferred from our results
is a universal process. The fact that such a high rate of GC
destruction is so finely tuned over a large range of Galaxy
masses and types is quite remarkable, and should be the
subject of careful theoretical examination.
4.3.2 Bulge, thick disk, or halo?
As pointed out in Section 1, all components of the Galaxy
contribute to the stellar mass within its inner few kpc. Thus,
what we call our “bulge” sample is in fact the superposition
of all stellar populations lying within the range of Galactic
coordinates and distances specified in Section 2—which cer-
tainly includes halo, thin and thick disk, bar and perhaps a
classical bulge.
The MDFs in Figure 9 provide clues as to the nature of
the N-rich stars in our sample. As pointed out in Section 4.1,
the MDF of the N-rich population and that of the rest of
the sample are very different. The bulge MDF extends to-
wards above solar metallicity, whereas that of the N-rich
population peaks at [Fe/H]∼–1, suggesting in fact an asso-
ciation with the thick disk or halo (e.g., Ness et al. 2013a;
Robin et al. 2014). Examination of the incidence of N-rich
stars in other regions of the Galaxy can help decide between
these two possibilities. An association with the Galactic halo
or thick disk can be tested by searching for N-rich stars
in other parts of these Galactic components, and checking
whether the observed numbers match expectations based on
the frequency of N-rich stars in the inner Galaxy. We start
by comparing our numbers with those obtained by other
groups from analysis of SDSS-SEGUE data for halo stars
at larger Galactocentric distances. Martell et al. (2011) and
Schaerer & Charbonnel (2011) estimated the total contri-
bution of GC stars to the halo mass budget (10-20%) that
is very similar to that resulting from the minimal scenario.
However, their estimate is based on a much larger primor-
dial FG/SG ratio, which is far more compatible with that as-
sumed for our maximal scenario (see below). Assuming there
is no strong reason for one to adopt different FG/SG ratios
for inner and outer halo, one would end up with a substan-
tial variation in the contribution of the halo stellar mass by
GC stars as a function of Galactocentric distance. Adopting
the FG/SG ratio from the minimal scenario, the contribu-
tion to the halo mass inferred from Martell et al. (2011) and
Schaerer & Charbonnel (2011) would be reduced by a fac-
tor of a few to several. Indeed, in a more recent effort based
on APOGEE DR12 data, Martell et al. (2016) searched for
N-rich stars in high-latitude halo fields adopting a definition
that is consistent with that described in Section 2. From a
resulting sample of 5 halo N-rich stars, they concluded that,
adopting a FG/SG ratio consistent with our minimal sce-
nario, the contribution of dissolved GCs to the halo mass
would be ∼4%. In conclusion, there are fewer N-rich stars in
the DR12 APOGEE halo sample, by a factor of ∼ 5, than
expected if the frequency of those stars was the same across
the entire halo.
The above approach suffers from a basic limitation
stemming from the small relative size of the APOGEE halo
sample. We exploit the much larger APOGEE sample at
low Galactic latitudes for a statistically more robust com-
parison between expected and observed N-rich star numbers.
For that purpose, we perform the following exercise. We first
use models to estimate the “component-specific” frequency
of N-rich stars under the assumption of their association to
each of those components, then use that frequency to esti-
mate the expected number of N-rich stars in other regions
of the Galaxy. By “component-specific” frequency, we mean
the fraction of the halo or thick-disk stars that are N-rich
if the N-rich stars found in the inner Galaxy are assumed
to be associated entirely with with either of those compo-
nents. This estimate requires knowledge of the breakdown of
the stellar mass in the inner Galaxy among various Galactic
components. For that purpose, we adopt the Besanc¸on mod-
els by Robin et al. (2012, 2014), which match stellar counts
in 2MASS and SDSS by considering a combination of four
components: a thick disk, a thin disk, a halo, and a bar.
No classical bulge was needed in order to fit the data for
the inner Galaxy. The mass breakdown among the various
components within a cylinder with 2 kpc radius and 4 kpc
height located at the Galactic centre is as follows:
• Thick disk: 5.7× 109 M⊙
• Bar: 4.3× 109 M⊙
• Halo: 8.5× 108 M⊙
• Thin disk: 1.1× 108 M⊙
Next, using survey simulations based on the same mod-
els we calculate how many N-rich stars are expected in the
APOGEE sample of low latitude fields with |b| < 20◦ and
20◦ < l < 340◦ if they were associated with either thick
disk or halo. The expected number of N-rich stars integrated
within all that area of sky is given by:
Nexp = Nobs F (H |TD) fNr(H |TD) (1)
where Nobs is the total number of stars observed by
APOGEE within that area, F (H |TD) is the fraction of those
stars belonging to either the thick disk or the halo, and
fNr(H |TD) is the component-specific frequency of N-rich
stars in that area of the sky. We take F (H |TD) from sur-
vey simulations based on the Besanc¸on models and estimate
fNr(H |TD) from a combination of the observed frequency
of N-rich stars in our bulge fields and model estimates for
the contribution of thick-disk and halo stars to the volume
sampled, so that
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Table 1. Expected numbers of N-rich stars with [Fe/H]< −0.7
in other fields.
f fNr fbulge Nexp
Halo 0.021 0.07 ± 0.01 0.18 6 ± 1.5
Thick Disk 0.920 0.38 ± 0.08 0.85 29 ± 7
fNr(H |TD) =
Nbulge,Nr
Nbulge fbulge(H |TD)
(2)
where Nbulge is the number of stars observed within the
APOGEE bulge fields, Nbulge,Nr is the number of those
among the latter who are N-rich, and fbulge(H |TD) is the
component-specific frequency of N-rich stars in the inner
Galaxy, according to survey simulations. For this exercise,
we limit the sample to stars with [Fe/H]< −0.7, where the
contribution by halo and thick disk populations is maximal.
In Table A1 numbers for the quantities defined in equa-
tions 1 and 2 are provided. The total number of stars in the
APOGEE sample within 20 < l < 340◦i and |b| < 20 with
stellar parameters as defined in Section 25, and [Fe/H]<
−0.7 is Nobs = 476. The size of the APOGEE bulge sam-
ple in the same metallicity range is Nbulge = 742, and the
number of N-rich stars is Nbulge,Nr = 42.
The numbers in Table A1 inform us that, if our N-rich
stars were associated with the thick disk, roughly 30 N-rich
stars should have been detected in other Galactic longitudes.
The number in the case of an association with the halo is
much smaller, on order of 6. As mentioned elsewhere, no
N-rich stars were found anywhere in the Galactic regions
considered in this exercise. These numbers tempt the as-
sertion that a halo association is more likely, as the total
number of detections predicted in that case is substantially
smaller, and thus closer to the observed number (zero), how-
ever both estimates are off from the observed values by 4 σ.
Such a substantial discrepancy may be simply due to our
assumption that fNr inferred in the inner Galaxy applies
everywhere else. Previous work has indeed suggested the
presence of a possible gradient in the incidence of N-rich
stars (Carollo et al. 2013) in the Galactic halo. Consider-
ing also the fact that stars with second generation abun-
dances have been found in the halo (e.g., Martell et al. 2011;
Carretta et al. 2010; Carollo et al. 2013; Lind et al. 2015;
Fernandez-Trincado et al. 2016), it seems natural to con-
clude that an association of our N-rich population to the
inner halo seems more likely than to the thick disk. The
discrepancy with the numbers expected in other regions of
the halo (e.g., Martell et al. 2011, 2016) indicates that the
frequency of N-rich stars may be higher in the inner halo,
which is in and of itself an important constraint on models
for the origin of this population.
Finally, a by-product of the above exercise is an as-
sessment of the contribution of dissolved GCs to the stel-
lar mass budget of those Galactic components in the case
5 The simulations were actually carried out assuming log g = 2,
but that has no impact on our results, given APOGEE’s relatively
bright (H=11.2) magnitude limit in bulge fields.
where the N-rich stellar population is associated to each of
them. We have seen in Section 4.3 that, according to the
minimal scenario and assuming maximum contribution to
the N-rich sample by binary stars, dissolved GCs contribute
1.6 − 2.1 × 108 M⊙ to the volume sampled by the above
model. Assuming an association to the Galactic halo, we
would conclude that dissolved clusters contribute ∼ 19-25%
to the stellar mass of the halo within about 2 kpc of the
Galactic centre. Conversely, if N-rich stars are members of
the thick disk, their contribution to the total mass of that
Galactic component would range between 2.8 and 3.7%.
4.4 The Maximal Scenario
We now consider the maximal scenario, according to which
GCs were much more massive in the past and the vast ma-
jority of the mass lost was in the form of FG stars. In that
scenario, SG stars, such as the N-rich population reported
in this paper, are but a trace of the total GC population.
According to some models, to satisfy observations of stel-
lar abundances in Galactic GC members, GCs would have
to have been 10-100 times more massive in the past (for
references, see, e.g., Gratton, Carretta & Bragaglia 2012;
Bastian & Lardo 2015; Cabrera-Ziri et al. 2015), which
would lead us to conclude that the bulk, if not all, of the
stellar mass of the bulge or inner Galaxy resulted from the
dissolution of GCs similar to the ones that populate the
Galactic halo, bulge and thick disk today, or their parent sys-
tems. According to that scenario (Schaerer & Charbonnel
2011; Gratton, Carretta & Bragaglia 2012), the presence of
SG stars in the field of the halo (Martell & Grebel 2010)
would similarly imply that a substantial fraction of the halo
was also built from dissolution of GCs (Carollo et al. 2013).
To begin with, the MDFs of N-rich stars and the rest
of the inner Galaxy population are difficult to reconcile
with the premise that dissolved GCs contribute importantly
to the total stellar mass in the spatial region sampled in
this work. One possible way to salvage that proposition is
by assuming that the FG/SG in GCs increases substan-
tially towards high metallicity. Statistics on C-N anticor-
relations in metal-rich ([Fe/H] >∼–0.5) GCs are currently
meager, which makes it difficult to test the hypothesis.
However, Carretta et al. (2010) reported that there is ten-
tative evidence for the presence of a correlation between
GC metallicity and the extension of the Na-O anticorrela-
tion and, by association, the incidence of N-rich-like, SG
stars in Galactic GCs. Moreover, studying M31 GCs in inte-
grated light, Schiavon et al. (2013) established a correlation
between mean [N/Fe] and [Fe/H], again arguing for an en-
hancement, rather than a diminution, in the relative number
of N-rich stars in more metal-rich GCs. Therefore, if GCs
had contributed substantially to the mass of the bulge, we
would expect the N-rich population to have a much more
metal-rich MDF. Therefore, we conclude that, at face value,
the MDFs suggest that it is unlikely that dissolved GCs
contribute significantly to the total stellar mass within the
volume sampled in this study.
An important contribution of dissolved GCs to the stel-
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lar mass budget is also likely incompatible with current un-
derstanding of the structure and stellar content of the in-
ner Galaxy. Regarding stellar population content, there may
be small, but non-negligible, differences in abundance pat-
tern between first-generation stars in existing GCs and both
halo and bulge field populations. For instance, Figure 3 of
Carretta et al. (2009) hints at the possible existence of small
[O/Fe] differences between field and GC populations in the
halo, and larger ones in the bulge. Whether these are real or
due to systematics stemming from differences in data quality
and/or analysis methods is not clear. As regards the struc-
ture of the bulge, a substantial part of its stellar mass is
seemingly contained in the bar (e.g., Rojas-Arriagada et al.
2014; Ness et al. 2013a). Indeed, based on the Besanc¸on
models (Robin et al. 2014), one would estimate that the bar
contributes ∼ 40% of all stellar mass within 2 kpc of the
Galactic centre, which implies that a considerable part of
the bulge population probably resulted from secular evolu-
tion of the disk.
The above caveats aside, in this Section we define the
maximal scenario in such a way that the constraints from
low-metallicity stars discussed in Section 4.1 are met. The
resulting numbers are then used to compare the total mass
in dissolved GCs with that of the existing Galactic GCs,
and also to estimate the maximal contribution of dissolved
GCs to the stellar mass budget of various Galactic compo-
nents. The key constraint posed by the MDF of N-rich stars
of [Fe/H] <∼ –1 is that the FG/SG ratio in dissolved GCs
cannot exceed 0.93. Thus, if the ratio between N-normal
and N-rich stars in dissolved GCs is maximum, then the 45
N-rich stars contained in the cylindrical volume considered
in Section 4.3 correspond to only 7% of the mass in that
volume. Therefore, the total number of stars resulting from
GC destruction in our sample should be 843. Considering
that our sample contains 5,140 stars, the maximal scenario
implies that ∼ 16% of all stars in our bulge sample result
from dissolution of Galactic GCs. In this scenario, the mass
in dissolved GCs outnumbers that of the existing systems by
a factor of ∼ 60–90, depending on the total mass adopted
for the inner Galaxy (Section 4.3). If the numbers used con-
sidered only stars within the cylindrical volume included in
the Besanc¸on model calculations, ∼ 20% of the stars in that
cylinder would have resulted from GC dissolution, leading
to a total mass that outweighs the GC system by a factor
of 80.
To estimate the contribution of dissolved GCs to the
stellar mass in the halo or thick disk, we simply compare the
latter percentage with those based on the Besanc¸on mod-
els, listed in Section 4.3.2. According to those models, the
Galactic halo accounts for ∼ 8% of the stellar mass in the
inner Galaxy, so that the maximal mass in dissolved GCs
outweighs that in the inner halo by over a factor of 2. Con-
versely, considering an association of N-rich stars to the thick
disk, which according to the Besanc¸on models accounts for
∼ 50% of the mass in the inner Galaxy, one would be led
to conclude that the ∼ 40% of the mass in the thick disk
results from GC dissolution. According to the maximal sce-
nario, the halo alone cannot contribute to the whole mass of
dissolved GCs, with the thick disk contributing an impor-
tant fraction, if not all of it.
In conclusion, the evidence accumulated thus far seems
to suggest that the maximal scenario is ruled out by the
data, and the FG/SG ratio in GCs was much lower than the
93% limit described above. The latter implies that the con-
tribution of dissolved GCs to the halo mass inferred in previ-
ous studies is overestimated. It seems safe to conclude that
the fraction of halo stellar mass contributed by dissolved
GCs peaks towards the inner halo, but the exact number is
hard to pin down due to uncertainties in the FG/SG ratio, in
the contribution of the inner halo to the stellar mass within
the inner few kpc of the Galaxy, and in the association of
the N-rich stars to any of the overlapping components of the
Galaxy in its inner regions.
4.5 MDFs of N-rich stars vs Galactic GCs
We now examine the comparison between the MDFs of the
N-rich stars and the Galactic GCs, shown in the bottom
panel of Figure 9. As is well known, the Galactic GC MDF is
seemingly bimodal, showing evidence for the presence of two
peaks, at [Fe/H] ∼ –1.6 and –0.7, with a trough at [Fe/H]∼–
1, which is precisely where the peak of the N-rich MDF is
located. Low number statistics prevents an analysis of the
shape of the N-rich star MDF. For instance, as noted above,
the apparent trough in the MDF of the N-rich population at
[Fe/H]∼ −0.9 has no statistical significance. Nevertheless,
despite the relatively low numbers, much can be learned
from comparison between the N-rich star MDF and that of
the GC system. The range encompassed by the N-rich MDF
goes from [Fe/H]∼–1.5 to almost solar. In comparison, the
GC MDF extends towards metallicities as low as [Fe/H]∼–
2.5. It is unclear whether the lack of stars with [Fe/H] <∼ –1.5
in the N-rich MDF is real or due to low number statistics.
As discussed in Section 3.6.1, the APOGEE sample studied
in this paper presents no important bias against metal poor
stars.
The Galactic GC MDF differs substantially from that
of the N-rich population even when only GCs within the
volume containing the N-rich sample (Section 2) are con-
sidered, as indicated by the hatched gray histogram on the
bottom panel of Figure 9). Despite the relatively low num-
bers, the bulge GC MDF is markedly different from that
of the N-rich population, with no peak at any particular
metallicity. A Kolmogorov-Smirnoff test strongly rejects the
hypothesis that the two samples are drawn from the same
parent population, at a level P = 0.002.
It is clear from the above that the N-rich star MDF does
not match that of the existing GC system, either considered
as a whole, or taking the halo and bulge/thick disk compo-
nents separately. We interpret this result as evidence that
evaporation of existing Galactic GCs has not contributed
significantly to the population of N-rich stars. The rationale
behind this interpretation is that it would be difficult, with-
out tidal evaporation that is strongly dependent on metal-
licity, to deplete the masses of an original population of
GCs by an order of magnitude, while completely obliter-
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ating its MDF. Tidal evaporation is of course likely to have
operated differently on GCs of different metallicity, because
more metal-rich GCs, typically located at smaller Galacto-
centric distances, were probably subject to more vigorous
tidal evaporation. In that case, we would possibly expect
the N-rich MDF to resemble more strongly that of thick
disk/bulge GCs, which we show not to be the case. In short,
the MDFs require destruction to have been very efficient for
GCs in a narrow metallicity range around [Fe/H]∼–1, and
less efficient everywhere else, which seems contrived.
One additional possibility is that the MDF of the Galac-
tic GC system is not itself bimodal, but rather suffers from
non-linearity effects such as those claimed by Yoon et al.
(2006) to affect the conversion between integrated colours
and metallicity of extragalactic globular cluster systems.
While giving it a nod in this paper, we choose to defer this
line of reasoning to a future study, and take the Galactic
GC MDF from Figure 9 at face value. We therefore suggest
that the N-rich population, if at all associated with GCs,
was predominantly produced by the destruction of a large
population of early Galactic GCs. In fact, if indeed the halo
and bulge/disk components of the Galactic GC system had
different origins (e.g., Shapiro et al. 2010; Tonini 2013), it is
also likely that their destruction efficiencies were different,
so that one would indeed expect that the MDF of the de-
stroyed and surviving populations differ. In Section 4.7 we
discuss possible scenarios for the origin and fate of this pop-
ulation of globular clusters, the remnants of which we seem
to have discovered in the inner Galaxy.
4.6 Dissolved GCs in the Cores of Other Massive
Galaxies?
While GCs and their parent populations do not seem to be
important building blocks of the Galactic bulge, the situa-
tion may be different in other environments. Unlike the inner
Galaxy, where the bar and thick disk contribute ∼ 91% of all
stellar mass (Section 4.3.2) the cores of early-type galaxies
are dominated by a spheroidal component, which like the
Galactic halo is the result of accretion of a large number
of low mass stellar systems. We have seen from the discus-
sion above that the evidence points to the N-rich population
being associated with the Galactic halo, in which case dis-
solved GCs contribute a minimum 19-25% of the stellar halo
mass. If dissolved GCs contribute a similar fraction to the
stellar mass in the cores of early-type galaxies, one would
expect that the mean abundances inferred from integrated-
light studies to be influenced by the chemical compositions
typical of N-rich stars. In that case, the abundances of el-
ements such as nitrogen, sodium, and aluminium could be
enhanced in the integrated spectra of early-type galaxies.
Interestingly, integrated light studies have shown that
early-type galaxies are characterised by large mean values
of [N/Fe] and [Na/Fe], which are moreover strongly corre-
lated with galaxy mass and velocity dispersion (Schiavon
2007; Graves et al. 2007; Conroy et al. 2014; Worthey et al.
2014; Smith et al. 2015). Moreover, in a recent study
Zieleniewski et al. (2015) estimated [Na/Fe]>∼ +0.3 within
the inner ∼ 0.4 kpc of the Andromeda galaxy, with [Na/Fe]
possibly increasing to as much as +1.0 within the in-
ner ∼ 40 pc. Although difficult to disentangle from IMF
effects on the NaIi λ8200A˚ line (e.g., Spinrad & Taylor
1971; Schiavon et al. 2000; van Dokkum & Conroy 2010),
this is a strong indication of the presence of Na-enhanced
populations in the core of Andromeda. Along the same
lines, Burstein et al. (1984) showed (zero-point uncertainties
aside, see Schiavon et al. 2012) that CN bands in the core of
M31 are enhanced, being consistent with their strengths in
the integrated spectra of M31 and Galactic GCs. The work
by Strader et al. (2013) is also worthy of notice in this con-
text. They analysed the optical spectrum of an ultra com-
pact dwarf galaxy satellite of M 60, in the Virgo cluster, and
found very high [N/Fe] and [Na/Fe] abundance ratios.
We speculate that these results indicate the presence of
a population of dissolved GCs in the core of Andromeda, and
possibly also in the central regions of early-type galaxies.
The population of N-rich stars we discovered in the heart of
the Galaxy may thus be the tracers of a global phenomenon
associated with the formation of spheroidal systems in gen-
eral.
4.7 Origin of the presumptive population of
dissolved globular clusters
The question of the origin of N-rich stars is inevitably tan-
gled with two major unsolved problems in galaxy formation,
namely, formation of the Galactic bulge (and galaxy bulges
in general) and globular cluster formation. In this sub-
section we briefly discuss four possible scenarios to explain
the origin of N-rich stars. The first two scenarios assume,
as usual, that N-rich stars were initially formed within, and
later lost to, the gravitational potential of globular clusters.
A third scenario relaxes this assumption and contends that
instead N-rich stars were formed within the same molecu-
lar clouds as GCs, but were never gravitationally bound to
them. A fourth scenario suggests that N-rich stars were in-
stead never necessarily associated with GCs and are rather
the oldest existing stellar population formed in the Galactic
bulge itself.
4.7.1 GC Origin
It is now generally agreed that most globular clus-
ters formed in giant molecular clouds (GMCs) gener-
ated by disk instabilities in galaxies at z >∼ 2 (e.g.,
Kravtsov & Gnedin 2005; Shapiro et al. 2010; Tonini 2013;
Kruijssen 2014; Rossi & Hurley 2015; Kruijssen 2015). Glob-
ular cluster formation motivated by mergers of gas-rich
galaxies is another possible mechanism (Ashman & Zepf
1992; Muratov & Gnedin 2010), but one thought to make
a minor contribution to the total stellar mass allocated in
GC systems today (Kravtsov & Gnedin 2005).
Elmegreen & Hunter (2010) championed the notion
that newborn clusters are efficiently destroyed by tidal in-
teraction with GMCs, which are present in the very envi-
ronment that initially gave birth to clusters—the so called
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“cruel cradle effect” (see also Kruijssen et al. 2011, 2012).
Kruijssen (2014, 2015) proposed a model, based on an ana-
lytical formulation, where GC formation takes place in two
phases. In the first phase, GCs are formed with a power-
law mass distribution, within GMCs hosted by turbulent
disks at z ∼ 2 − 3. Formation is followed quickly by vig-
orous disruption due to tidal interaction with GMCs. Since
tidal destruction of lower-mass clusters is more efficient, the
original power-law mass function is converted into the log-
normal distribution observed today. Survival of GCs is ulti-
mately dependent on the occurrence of a galaxy merger,
which removes them from their inhospitable birthplaces.
Mergers trigger a second phase, during which GCs are in-
corporated into the halo of a new host galaxy or merger
remnant, where they suffer a more gentle, longer tidal evap-
oration through interaction with the gravitational potential
of the new host galaxy. This scenario matches a number
of properties of GC systems, including the GC specific fre-
quency and mass distribution in galaxies with a range of
metallicities and halo/stellar masses. It is also in line with
previous suggestions that the disk/bulge GCs were formed
in situ (Shapiro et al. 2010), whereas the halo GC system
has largely been accreted (Tonini 2013).
This scenario for GC formation suggests that there may
be at least two possible channels for the production of N-rich
stars involving GC destruction: (i) the in situ GC channel,
whereby these stars originate from the population of GCs
that migrated into the inner Galaxy from an early turbulent
Galactic disk, being destroyed in the process; (ii) the ex situ
GC channel, according to which these stars originate from
the dissolution of a population of accreted GCs. We briefly
discuss these formation channels below.
(i) In situ GC origin: Bournaud et al. (2007) and
Elmegreen et al. (2008) proposed that the Galactic bulge
was formed by the coallescence of giant clumps hosted by
turbulent disks at high redshift (see review by Bournaud
2015). Those clumps were also the sites of GC formation,
as proposed by various authors cited above. According to
this scenario, one would expect that GCs initially formed in
the disk and eventually migrated towards the inner Galaxy,
with some of them losing mass and/or being destroyed in
the process, and others surviving in the Galactic thick disk
and bulge. In that scenario, the GCs associated with the
thick disk and bulge of the Galaxy today would be rem-
nants of an active past of star formation in the Galactic disk
(Shapiro et al. 2010). Presumably, this process would natu-
rally result in the presence of the byproducts of GC dissolu-
tion in the inner Galaxy, as reported in this paper. Moreover,
one would also expect such populations to be found in the
Galactic disk, as a considerable amount of tidal destruction
is expected to have taken place during interaction between
GCs and GMCs in the disk (Kruijssen 2015).
As reported in Section 4.3.2, a search for N-rich disk stars
in the APOGEE DR12 database, adopting the same pa-
rameters as described in Section 2, but focusing instead on
20◦ < l < 340◦, resulted in no field stars with an N-rich
abundance pattern. This result does not necessarily mean
that N-rich stars do not exist in the disk, since, despite its
very large sample, the APOGEE coverage of the disk is of
course limited. Moreover, one would in any case expect rela-
tive numbers in the disk to be lower than in the inner Galaxy,
given that the disk has been subject to a much longer his-
tory of star formation at later times, for several Gyr, where
conditions did not favor formation of globular clusters, or
their parent systems (Kruijssen 2015), leading to a decrease
of the ratio of N-rich/N-normal stars.
As discussed in Section 3.6, the MDFs of the N-rich stars
and thick disk/bulge GCs are quite different, with the for-
mer peaking at [Fe/H] ∼ −1 and the latter spanning a
wide range of metallicities and not peaking at any particular
value. Shapiro et al. (2010) pointed out that the metallici-
ties of star forming clumps in z ∼ 2− 3 disks were high and
thus not compatible with the formation of the metal-poor
component of the Galactic GC system. It is unclear whether
current models for formation of GCs in turbulent disks can
account for the existence of the metal-poor GCs and N-rich
stars seen in the inner Galaxy. Shapiro et al. (2010) suggest
that metal-poor GCs may have formed along cold filaments
that were proposed by Dekel et al. (2009) and others to ac-
count for high star formation rates in the early universe.
Whether the MDF of the existing GCs and that of those
that were dissolved in the past can be accounted for in de-
tail by these models is an open question. Another possibility
for the formation of these metal-poor GCs is discussed next.
(ii) Ex situ GC origin: Following Kruijssen (2015), glob-
ular clusters can also have been formed in lower mass
galaxies, in much the same way as described above, and
later accreted with their host galaxy into the deeper
potential well of the Galactic dark matter halo, where
they could have been subject to tidal evaporation or de-
struction. There is abundant evidence for the formation
of the Galactic halo itself, and that of the nearest gi-
ant spiral galaxy, Andromeda, through accretion of satel-
lite galaxies (e.g., Searle & Zinn 1978; Ibata et al. 1994;
Belokurov et al. 2006b; Law & Majewski 2010; Ibata et al.
2014; Gilbert et al. 2014). Moreover the tidal evaporation
of halo GCs through interaction with the Galactic po-
tential has been spotted in real time (e.g., Rockosi et al.
2002; Odenkirchen et al. 2003; Belokurov et al. 2006a), and
must be responsible for at least part of the population
of N-rich stars detected in the halo by Martell & Grebel
(2010) and Martell et al. (2011), and possibly also for a
small fraction of those found in the inner Galaxy. However,
tidal evaporation of this nature is probably too inefficient
(Baumgardt & Makino 2003; Kruijssen 2015) to account for
a substantial fraction of the N-rich stars detected in the in-
ner Galaxy. Indeed, it is thought that GCs accreted in this
process make up the blue/metal-poor component of GC bi-
modal distributions in galaxies (Tonini 2013), so that their
characteristic metallicities are typically lower than those of
the N-rich stars identified in the inner Galaxy in this study
(c.f. Figure 9). However, if one accepts the scenario whereby
GCs are formed in clumpy disks at z >∼ 2, then it is possible
that low-mass galaxies accreted to the early Galaxy hosted
a population of GCs that was previously dissolved/stripped
in their parent turbulent disks, and were later incorporated
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into the field of the Milky Way itself. Dynamical friction
could then drive the stars—including those of the N-rich
variety— belonging to the most massive of those systems,
which potentially host the most metal-rich GCs, towards the
central parts of the Galaxy, where they reside today.
4.7.2 Shared nursery origin:
The present paper reports the finding that the vast majority
of the stars with a so-called SG star abundance pattern ap-
pears to reside in the field, not in clusters (Section 4.2). This
result quite naturally invites one to question the standard
assumption that these stars were formed in GCs to begin
with. Indeed the fact that they were first discovered in GCs
is due to a severe observational bias and does not imply a
sine qua non genetic link—at least not until detailed phys-
ical models of GC formation account for their existence in
a quantitative sense, by matching the extant data sets. The
stark disagreement between the MDF of the N-rich stars
and that of the Galactic GC system—modulo possible zero-
point differences—lends further support to the notion that
the two populations do not share the same origin.
In light of this evidence, a model that can form N-rich
stars outside the gravitational well of GCs may be required.
The natural sites for the formation of such field N-rich stars
would be the very molecular clouds that formed the GCs. It
is conceivable that not all stars formed in those clouds ended
up in GCs—indeed, the evidence from studies of molecular
clouds in the Galaxy point in the opposite direction (e.g.,
Longmore et al. 2014). Stars not bound to GCs would be
lost to the field quite easily, thus making up the majority
of the field population observed today. One could imagine a
scenario where the ratio between GC-bound and unbound
stars formed in such molecular clouds is a function of the
physical conditions in the cloud (e.g., density, chemical com-
position) as well as the environment. Such a scenario could
potentially explain the predominance of N-rich stars that
are currently not gravitationally bound to any Galactic GC,
without the need to invoke efficient GC destruction. Open
clusters, having been formed under physical conditions that
are rather different from those that gestated GCs, were not
able to produce stars with a SG abundance pattern. If molec-
ular clouds existed that formed N-rich stars, but no GCs,
this scenario would naturally account for the mismatch be-
tween the MDFs of the N-rich stars and the existing Galac-
tic GCs. Moreover, if this strawman scenario is correct, one
would expect to find N-rich stars in the same environments
as GCs today, seeing as at least some of them would have
been formed in the same molecular clouds as the GCs them-
selves. As discussed above, N-rich stars were indeed discov-
ered in the halo (Martell et al. 2011; Carollo et al. 2013) and
in the inner Galaxy (this study), but it is noteworthy that
none so far has been identified in the thick disk.
One remaining issue that is not simply solved by this
scenario is the mass budget problem, as the FG/SG ratio in
the stellar populations below [Fe/H] <∼ –1 is strongly con-
strained by the bulge MDF discussed in Section 3.6. This
problem could possibly be circumvented if molecular clouds
formed stars in a range of [Fe/H], which might make pos-
sible pollution of the material going into the formation of
metal poor N-rich stars by the ejecta of their more metal-
rich counterparts. Admittedly, this seems a bit contrived,
but perhaps not entirely outside the realm of possibilities,
since evidence for self enrichment in star forming regions
has been found before (Cunha & Lambert 1992). Assuming
there is any physical reality to these speculations, one could
conceivably devise differences between the abundance pat-
terns of field and GC N-rich stars that would hint at their
origin, and possibly help constrain the models for the for-
mation of both stellar populations.
4.7.3 Oldest stars:
We conclude our exploration of scenarios that may explain
the origin of N-rich stars by briefly mentioning another pos-
sible interpretation not associated with a globular cluster
origin. For a more detailed discussion, we refer the readers to
a forthcoming paper (Chiappini et al. 2016, in preparation).
This scenario advocates that N-rich stars are among the old-
est in the Galaxy and their abundances are in fact the im-
prints of the very early chemical enrichment by the first stel-
lar generations, which polluted the interstellar medium prior
to the formation of GCs. Some numerical simulations predict
that the oldest stars in the Galaxy are indeed to be found in
its central regions (e.g., Brook et al. 2007; Tumlinson 2010).
In the Galactic halo these very early phases of chemical en-
richment are traced by halo stars with [Fe/H] <∼ −2.5. In
the central regions of the Galaxy however, the star forma-
tion rate is believed to have been higher, so that the oldest
stars in the bulge would have [Fe/H] ∼ −1 (Chiappini et al.
2011) which is around the metal poor tail of the old bulge
MDF, and also where the N-rich MDF peaks (Section 3.6).
According to this view, N-rich stars may be opening a win-
dow into the initial stages of the formation of the Galaxy,
which is of course a very exciting prospect.
There are similarities between the abundance patterns
of N-rich stars and model predictions for the oldest stars.
For instance, models based on enrichment by fast rotating
stars (the so called “spinstars”, see Chiappini 2013, for a re-
view) predict an enhancement in 14N and 13C, a correlation
between [N/Fe] and [Al/Fe], and a modest enhancement in
12C, as well as some contribution to the s-process nucleosyn-
thesis. While the nitrogen enhancement and its correlation
with aluminium are corroborated by the data, observations
at face value are at odds with predictions for carbon, which
is depleted and in fact anti-correlated with nitrogen in the N-
rich sample. For the N-rich stars from our sample, it is hard
to assess without detailed modeling of the impact of mix-
ing, whether the latter disagreement is real or due to stellar
evolution effects. On the other hand, recall that we removed
stars with [C/Fe] > +0.15 from consideration, which obvi-
ously biased our sample against stars with strong carbon en-
hancements. Determination of s-process element abundances
for a sample of N-rich stars including some with high [C/Fe]
would provide a good test of those model predictions.
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4.7.4 Final Considerations
Without further information, it is impossible to decide which
of the above scenarios is the most likely to account for the
discovery reported in this paper. The one that perhaps is
the least favoured by the data is that proposing that N-rich
stars are the oldest in the Galaxy, in view of the prediction
of enhanced carbon abundances, which is not verified by the
data. On the other hand, this scenario may not suffer from
the mass budget problem. It is however conceivable that all
these channels have contributed to the formation of the N-
rich stellar population present in the inner Galaxy.
The in situ and ex situ GC channels described above as-
sume that all N-rich stars were necessarily formed in Galac-
tic GCs and were later lost to the field when the GCs were
ultimately disrupted. Each channel likens the newly found
stars to existing Galactic GCs associated to the disk/bulge
(in situ) and halo (ex situ) components of the Galaxy. In
the shared nursery scenario, there should be a similar bal-
ance between an in situ and an ex situ origin for the N-rich
stars currently found inhabiting the inner Galaxy. That is
because in this scenario N-rich stars are proposed to have
been gestated in similar molecular clouds as GCs, thus shar-
ing their environmental origin. On the other hand, the “old-
est stars” channel requires these stars to have been formed
in situ, as only in the deep graviational potential of the
Galaxy could star formation be intense enough to generate
stars with [Fe/H] ∼ –1 in a very short time.
We hypothesise that some yet unknown fraction of the
[Fe/H] < –1 N-rich stars found in the inner Galaxy orig-
inated ex situ, whereas the metal-rich component and the
remainder of the metal-poor stars would have been formed
in situ with perhaps some contribution by star formation
at very early stages. The term in situ here means different
things for these two latter populations, as dissolved GCs
are proposed to have been formed in an early turbulent
disk and later migrated to the inner Galaxy (Shapiro et al.
2010), whereas the “oldest stars” are proposed to having
been formed in the bulge. A more detailed analysis of an
enlarged sample, including further elemental abundances,
will surely provide further insights into how the parent sys-
tems were formed, potentially destroyed, and eventually left
these trace populations as remnants in the inner Galaxy, and
how much stellar mass was contributed by the mechanisms
put forward here—or by other unforeseen means. By tracing
back the steps that brought these populations to their cur-
rent configuration, we expect to gain a deeper understanding
of the processes leading to the formation of globular clusters,
and of the Galactic bulge itself.
5 SUMMARY
The main conclusions of this paper are the following:
• We have discovered a number of field stars in the in-
ner Galaxy with high [N/Fe], which in addition is anti-
correlated with the abundance of carbon and correlated with
that of aluminium. This abundance pattern is characteristic
so called “second generation” globular cluster stellar popu-
lations.
• The lower limit of the stellar mass ascribed to this new
stellar population with a GC-like abundance pattern exceeds
that of the existing GCs by a factor of ∼ 6–8. If these stars
are assumed to be the by-products of the destruction of
old globular clusters, our result implies that the Galactic
GCs are the remnants of a much larger system that was
largely destroyed. If the GC origin of the N-rich stars is
confirmed, the location of the Galaxy very near the mean
ratio η between integrated GC mass and total mass from
Hudson et al. (2014) suggests that vigorous GC destruction
is a universal process. That notion is further corroborated,
although tentatively, by similarities between the mean abun-
dance patterns in the cores of early-type galaxies and those
of N-rich stars. It is striking that such a large destruction
rate is so finely tuned across a wide range of masses.
• Again assuming that N-rich stars result from GC dis-
solution, we derive an upper limit of ∼ 93% for the fraction
of GC mass in the form of stars with a FG abundance pat-
tern. This result challenges models of chemical evolution of
globular clusters that postulate larger fractions. It makes it
quite difficult, perhaps impossible, to solve the mass budget
problem without revising yields from stellar evolution mod-
els. Failing that, the whole notion that “second generation”
stars are connected to their “first generation” counterparts
by chemical evolution through incorporation of byproducts
of stellar nucleosynthesis may have to be altogether dropped.
That is is a riveting prospect.
• Under reasonable assumptions for the primordial ratio
between first- and second-generation stars the contribution
of dissolved globular clusters to the mass of the Galactic
bulge is estimated to be small, of the order of a few per-
cent. Given the spatial overlap of all Galactic components
within the central few kpc of the Galaxy, a definition regard-
ing whether N-rich stars belong to the halo, the thick disk,
or other components is impossible. The evidence discussed
in this paper favors an association to the inner halo of the
Galaxy, although this conclusion is by no means definitive.
If N-rich stars indeed belong to the halo, they contribute a
minimum of 19-25% to the stellar mass in its inner ∼ 2 kpc.
An accurate estimate is hampered by uncertainties in quan-
tities such as the FG/SG ratio, the contribution of the halo
to the stellar mass in the inner Galaxy, and the fraction of
N-rich stars that are associated with the inner halo. Never-
theless, this mass fraction exceeds that found in other stud-
ies for the outer halo by a factor of several.
• The metallicity distribution function of the newly dis-
covered stellar population does not match that of the bulk of
the Galactic bulge. This result suggests that the bulge can-
not have been built from a population of dissolved globular
clusters, unless special assumptions are made regarding the
incidence of N-rich populations in metal-rich GCs, which
are not in agreement with current observational evidence.
We conclude that destruction and/or evaporation of globu-
lar clusters accounts for no more than a few percent of the
stellar mass of the Galactic bulge.
• The metallicity distribution function of the newly dis-
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covered stars does not match that of the Galactic GC pop-
ulations. This result suggests that the N-rich stellar popu-
lation discovered in the inner Galaxy does not result from
simple “thinning” of the existing Galactic globular cluster
population through mass loss from tidal evaporation. It may
also imply that these stars have never been gravitationally
bound to any globular cluster.
• We hypothesise that N-rich stars may have resulted
from four possible mechanisms. The first two are closerly re-
lated and involve the destruction of GC populations formed
in situ and ex situ. A third mechanism contends that N-rich
stars (and presumably most field stars with a so-called sec-
ond generation abundance pattern) were not perforce associ-
ated with Galactic GCs, and perhaps most of them may have
been formed in similar environments, while never being grav-
itationally bound to the GCs themselves. A fourth mecha-
nism, namely, a very early star formation from a medium
polluted by “spinstars” matches some of the data at least
qualitatively, but more work needs to be done to put its
predictions to test.
• Regardless of their origin, we find that the vast ma-
jority of stars with a second generation abundance pattern
today live in the field, not in globular clusters. If indeed
these newly discovered stars were never associated with any
globular cluster, it is conceivable that the abundance pat-
terns of these “field second generation stars”, may differ in
detail from those of their globular cluster counterparts, in
ways that need to be theoretically devised and observation-
ally verified.
• We emphasise that there are a number of key pieces of
evidence that are difficult to understand, including the ab-
sence, in our sample, of N-rich stars in the Galactic disk,
the MDF differences between N-rich stars and the Galac-
tic GC system, and whether the relative numbers of N-rich
stars in the inner and outer halo can be reconciled within
a single formation scenario. The ultimate association of the
N-rich stars to their counterparts currently living in Galac-
tic GCs also requires the determination of other elemental
abundances, such as Na and s-process elements. Detailed
modelling and more extended observations will hopefully ad-
dress these questions.
The results presented herein provide eloquent confirma-
tion of the power of high-resolution spectroscopy applied to
large stellar samples to provide key insights into the history
of formation of the Galaxy. In the H band, the added ben-
efit of low extinction and relatively easy access to lines of
CN, CO, and OH make APOGEE a powerful tool to identify
remnants of globular cluster disruption at low Galactic lati-
tudes. Exploration of methods to constrain the contribution
by various parent systems to the stellar field of the Galaxy
is a growing field, which we expect will flourish within the
next several years, with the delivery of larger stellar sam-
ples, with even better and more detailed phase space and
chemical information.
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APPENDIX A: N-RICH STARS
In Table A we provide the identities of our sample of 58 stars
identified as N-rich in the inner Galaxy by APOGEE, along
with parameters employed in the analysis.
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Table A1. N-rich stars identified in the inner Galaxy.
APOGEE ID α2000 δ2000 S/N Teff log g [Fe/H] [Al/Fe] [C/Fe] [N/Fe] d (kpc)
2M16493657-2028146 252.402403 -20.47073 152 4454 1.3 -1.15 ± 0.05 -0.06 ± 0.15 -0.37 ± 0.10 0.78 ± 0.13 7.1 ± 1.6
2M16514646-2127071 252.943621 -21.451977 121 4439 1.7 -0.86 ± 0.04 0.36 ± 0.13 -0.21 ± 0.08 0.10 ± 0.11 5.3 ± 1.3
2M17024730-2210387 255.697092 -22.177443 211 4296 1.3 -0.95 ± 0.04 0.36 ± 0.11 -0.41 ± 0.08 1.01 ± 0.11 5.1 ± 1.1
2M17134700-2441353 258.445841 -24.693153 133 4298 0.9 -1.55 ± 0.05 0.35 ± 0.20 -0.42 ± 0.12 0.82 ± 0.15 8.0 ± 1.3
2M17161691-2458586 259.070484 -24.982969 158 4133 1.3 -0.10 ± 0.03 0.34 ± 0.06 -0.30 ± 0.04 0.59 ± 0.07 5.7 ± 1.6
2M17173203-2439094 259.383468 -24.65262 223 3780 -0.2 -0.78 ± 0.04 0.28 ± 0.08 -0.34 ± 0.05 0.58 ± 0.08 7.4 ± 0.5
2M17193271-2732214 259.886313 -27.539303 219 3971 0.2 -1.30 ± 0.04 -0.30 ± 0.13 -0.59 ± 0.08 0.90 ± 0.12 8.4 ± 0.7
2M17205201-2903061 260.216712 -29.051722 155 4084 1.0 -0.79 ± 0.04 0.49 ± 0.10 -0.19 ± 0.06 0.96 ± 0.10 6.4 ± 1.4
2M17211817-2735530 260.325717 -27.598082 228 3736 0.4 -0.41 ± 0.03 0.27 ± 0.06 -0.24 ± 0.04 0.60 ± 0.07 7.1 ± 1.1
2M17263951-2406247 261.664646 -24.106882 126 4047 0.9 -0.50 ± 0.04 -0.00 ± 0.08 -0.13 ± 0.05 0.52 ± 0.08 9.0 ± 2.0
2M17271907-2718040 261.829481 -27.301126 148 4193 1.5 -0.54 ± 0.04 0.25 ± 0.08 -0.20 ± 0.06 0.55 ± 0.09 5.8 ± 1.3
2M17303980-2330234 262.665839 -23.506523 240 3890 0.3 -0.95 ± 0.04 0.19 ± 0.09 -0.22 ± 0.06 0.92 ± 0.09 8.2 ± 0.9
2M17305251-2651528 262.718823 -26.864672 157 3947 1.1 -0.16 ± 0.03 0.10 ± 0.06 -0.05 ± 0.04 0.73 ± 0.07 6.6 ± 1.4
2M17333623-2548156 263.400967 -25.804361 147 4159 1.0 -1.05 ± 0.04 0.56 ± 0.12 -0.04 ± 0.08 0.94 ± 0.11 8.2 ± 1.6
2M17334208-2958347 263.425373 -29.976315 224 3972 0.4 -0.98 ± 0.04 0.40 ± 0.10 -0.39 ± 0.06 1.07 ± 0.10 7.8 ± 1.1
2M17341660-2905083 263.569176 -29.085642 332 3865 0.3 -0.77 ± 0.04 0.43 ± 0.08 -0.48 ± 0.05 1.09 ± 0.08 6.6 ± 0.9
2M17343610-2909472 263.650456 -29.163118 201 4060 1.0 -0.73 ± 0.04 0.26 ± 0.09 -0.21 ± 0.06 1.01 ± 0.09 6.7 ± 1.5
2M17343654-1956596 263.652282 -19.949903 119 4239 1.7 0.10 ± 0.03 0.22 ± 0.06 -0.43 ± 0.04 0.57 ± 0.06 5.1 ± 1.4
2M17343807-2557555 263.658637 -25.965429 254 3946 0.0 -1.26 ± 0.04 0.34 ± 0.12 -0.39 ± 0.08 0.80 ± 0.11 7.7 ± 0.6
2M17350446-2932289 263.768624 -29.541382 119 4247 1.3 -0.77 ± 0.04 0.33 ± 0.11 -0.23 ± 0.07 0.87 ± 0.10 8.0 ± 1.9
2M17352288-2913255 263.845356 -29.22377 194 4176 1.0 -0.97 ± 0.04 0.14 ± 0.11 -0.37 ± 0.07 1.01 ± 0.11 6.2 ± 1.2
2M17353215-2759106 263.88397 -27.986303 116 3921 0.9 -0.56 ± 0.04 0.31 ± 0.08 0.13 ± 0.05 0.63 ± 0.08 9.2 ± 1.8
2M17354267-2406233 263.927815 -24.106478 234 3763 0.5 -0.71 ± 0.04 0.21 ± 0.07 0.14 ± 0.05 0.55 ± 0.08 7.6 ± 1.0
2M17382269-2748001 264.594549 -27.800049 211 3877 0.1 -1.13 ± 0.04 0.00 ± 0.11 -0.36 ± 0.07 0.81 ± 0.11 9.0 ± 0.7
2M17382497-3006527 264.604065 -30.114656 109 4122 1.3 -0.85 ± 0.04 0.32 ± 0.11 -0.10 ± 0.07 0.86 ± 0.10 6.0 ± 1.3
2M17390422-2943520 264.767613 -29.731115 178 4047 0.7 -1.20 ± 0.04 0.44 ± 0.12 -0.35 ± 0.07 0.64 ± 0.11 7.7 ± 1.2
2M17404143-2714570 265.172631 -27.249172 105 4120 1.3 -0.77 ± 0.04 0.14 ± 0.10 -0.07 ± 0.06 0.83 ± 0.10 7.9 ± 1.9
2M17415271-2715374 265.469643 -27.260414 151 4187 1.0 -1.15 ± 0.05 0.20 ± 0.13 -0.35 ± 0.08 0.90 ± 0.12 7.3 ± 1.4
2M17431507-2815570 265.812795 -28.26586 128 4177 1.5 -0.86 ± 0.04 -0.67 ± 0.11 0.01 ± 0.07 0.50 ± 0.10 7.5 ± 1.8
2M17442343-2627304 266.097638 -26.458456 184 4030 0.7 -0.91 ± 0.04 0.35 ± 0.10 -0.22 ± 0.06 0.93 ± 0.10 8.7 ± 1.5
2M17453131-2342147 266.38046 -23.704111 127 4047 1.1 -0.50 ± 0.04 0.41 ± 0.08 0.00 ± 0.05 0.81 ± 0.08 9.6 ± 2.0
2M17464449-2531533 266.685384 -25.531477 111 4132 1.0 -0.78 ± 0.04 0.46 ± 0.10 0.08 ± 0.06 0.61 ± 0.10 9.4 ± 2.0
2M17482995-2305299 267.124792 -23.091654 145 4316 1.3 -0.92 ± 0.04 -0.11 ± 0.12 -0.40 ± 0.08 0.54 ± 0.11 8.0 ± 1.8
2M17494963-2318560 267.4568 -23.315571 195 4069 0.9 -0.80 ± 0.04 0.48 ± 0.09 -0.34 ± 0.06 1.02 ± 0.09 6.1 ± 1.3
2M17504980-2255083 267.70754 -22.91898 230 3956 0.8 -0.57 ± 0.04 0.28 ± 0.07 -0.38 ± 0.05 0.72 ± 0.08 5.5 ± 1.1
2M17514916-2859341 267.954859 -28.992813 128 4152 0.9 -1.06 ± 0.04 0.40 ± 0.13 -0.30 ± 0.08 0.92 ± 0.12 7.7 ± 1.5
2M17523300-3027521 268.137518 -30.464495 119 4187 1.0 -1.38 ± 0.05 0.21 ± 0.17 0.03 ± 0.10 0.75 ± 0.14 9.3 ± 1.6
2M17524451-2830199 268.185495 -28.505531 137 3879 0.9 -0.45 ± 0.04 0.18 ± 0.07 0.10 ± 0.04 0.54 ± 0.07 7.8 ± 1.6
2M17530277-2835196 268.261583 -28.588795 147 3865 0.2 -0.81 ± 0.04 0.22 ± 0.09 -0.22 ± 0.06 0.48 ± 0.09 9.6 ± 1.1
2M17534394-2826411 268.433095 -28.444759 182 3811 -0.2 -1.01 ± 0.04 0.21 ± 0.10 -0.22 ± 0.06 0.87 ± 0.10 10.3 ± 0.7
2M17554454-2123058 268.93562 -21.384953 159 4271 1.5 -0.62 ± 0.04 0.24 ± 0.09 -0.27 ± 0.06 0.57 ± 0.09 5.4 ± 1.5
2M18014817-3026237 270.450716 -30.439939 117 4311 1.3 -0.93 ± 0.04 0.43 ± 0.13 -0.08 ± 0.08 0.88 ± 0.11 9.6 ± 2.1
2M18020427-1810191 270.517792 -18.171999 241 3732 0.0 -0.56 ± 0.03 0.11 ± 0.06 -0.65 ± 0.04 0.71 ± 0.07 7.0 ± 0.7
2M18022530-2928338 270.605421 -29.476059 191 3844 0.6 -0.35 ± 0.03 0.10 ± 0.06 -0.55 ± 0.04 1.08 ± 0.07 6.8 ± 1.3
2M18033335-2929122 270.888992 -29.48674 95 4482 1.8 -0.92 ± 0.05 0.82 ± 0.14 -0.09 ± 0.09 0.73 ± 0.12 8.4 ± 2.0
2M18035944-2908195 270.997669 -29.138758 162 3820 0.6 -0.47 ± 0.03 0.18 ± 0.07 -0.09 ± 0.04 0.57 ± 0.07 6.6 ± 1.1
2M18054875-3122407 271.453164 -31.377975 389 3829 -0.2 -1.16 ± 0.04 0.09 ± 0.11 -0.32 ± 0.07 0.69 ± 0.11 9.8 ± 0.6
2M18061336-3147053 271.555701 -31.784821 182 4427 1.6 -0.57 ± 0.04 0.05 ± 0.09 -0.04 ± 0.06 0.51 ± 0.09 6.7 ± 2.1
2M18090957-1559276 272.289877 -15.991026 135 3882 0.4 -0.28 ± 0.03 0.04 ± 0.06 -0.26 ± 0.04 0.52 ± 0.07 8.7 ± 1.7
2M18102953-2707208 272.62305 -27.122459 155 4115 1.2 -0.36 ± 0.04 0.52 ± 0.07 0.02 ± 0.05 0.58 ± 0.08 6.0 ± 1.4
2M18120031-1350169 273.001326 -13.838031 131 4230 1.3 -0.97 ± 0.04 1.16 ± 0.12 0.08 ± 0.08 0.64 ± 0.11 6.0 ± 1.3
2M18121957-2926310 273.081553 -29.441954 193 4031 0.8 -0.91 ± 0.04 0.36 ± 0.10 -0.04 ± 0.06 0.62 ± 0.10 9.4 ± 1.7
2M18124455-2719146 273.185633 -27.32074 211 3992 0.6 -1.02 ± 0.04 0.09 ± 0.11 -0.22 ± 0.07 0.55 ± 0.10 8.0 ± 1.2
2M18165340-2017051 274.222524 -20.284777 107 4029 1.1 -0.03 ± 0.03 0.17 ± 0.06 -0.39 ± 0.04 0.66 ± 0.06 5.8 ± 1.6
2M18334592-2903253 278.441366 -29.057034 154 4264 1.6 -0.78 ± 0.04 0.65 ± 0.11 -0.19 ± 0.07 0.92 ± 0.10 6.0 ± 1.8
2M18372953-2911046 279.373046 -29.18462 188 4475 2.7 -1.06 ± 0.04 0.39 ± 0.14 -0.35 ± 0.09 1.00 ± 0.12 6.1 ± 1.3
2M18442352-3029411 281.098036 -30.494764 287 4073 1.0 -0.77 ± 0.04 0.73 ± 0.09 -0.15 ± 0.06 0.92 ± 0.09 5.4 ± 1.1
2M18550318-3043368 283.763269 -30.726915 71 4444 2.1 -0.93 ± 0.04 1.06 ± 0.15 -0.13 ± 0.09 0.97 ± 0.13 10.1 ± 2.3
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